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Nebraska is a large agricultural producing state with a heavy reliance on groundwater 
resources and nitrogen fertilizer application to maintain output.  Poor management, such 
as excessive fertilizer application, improper timing, and over irrigation can lead to 
contamination of groundwater.  Nitrate is the leading groundwater contaminant in 
Nebraska and chronic consumption at medium to high concentrations leads to adverse 
health effects.  Nitrate, a highly soluble anion, is present in the root zone in numerous 
forms and undergoes biogeochemical transformations before being leached through the 
profile.  In order to predict the timing and quantity of nitrate contamination in 
groundwater, researchers study the vadose zone, which is the soil and sediments from the 
land surface to the groundwater.  The vadose zone acts as a storage compartment and 
transforms chemicals, such as nitrate, and acts as a filter for percolating water.  A 
majority of research focuses on nitrate-nitrogen in the vadose zone, but an investigation 
of nitrogen storage in the vadose zone in the Central Platte region of Nebraska measured 
significant concentrations of ammonium, a cation expected to bind to clay particles in 




decreased by 10% in the past 30 years, with a large drop in surface loading, hinting that 
management practices have been effective.  It was hypothesized that ammonium is a 
product of dissimilatory nitrate reduction to ammonium (DNRA), a biotic pathway that 
converts nitrate to ammonium.  Selected samples were further analyzed to determine total 
Kjeldahl nitrogen (TKN), hot water extractable organic carbon (HWEOC), total organic 
carbon (TOC), and δ13C-OC to help evaluate potential chemical and microbial 
transformations of nitrogen to ammonium in the vadose zone. The hypothesis was 
rejected for site DH-32, where a spike of ammonium (3.56 μg/g), a drop in pH (5.92), 
slight increase in nitrate concentration (0.99 μg/g), and δ13C-OC enrichment (-22.2 ‰) 
hint at an alternate process.  The hypothesis was supported for site DH-36, where a spike 
in ammonium concentration (8.46 μg/g), drop in nitrate concentration (0.26 μg/, a 
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Occurrence and Potential Transformation Pathways of Nitrogen Species 
in the Intermediate Vadose Zone 
 
1. Introduction 
Clean drinking water is necessary to sustain a healthy population (Pennino et al., 
2017).  Nitrate is the most common contaminant affecting aquifers worldwide (Adelman 
et al., 1985; Exner et al., 2014; Gurdak & Qi, 2012; Rees et al., 1995; Schaider et al., 
2019) and nonpoint source nitrogen contamination of groundwater has been well 
documented for years (Bobier et al., 1993; Exner et al., 2014).  Contamination of 
groundwater by nitrate is a concern to both human and livestock health (Exner et al., 
2014; Gurdak & Qi, 2012; Putz et al., 2018; Schaider et al., 2019).  In 1972 under the 
Safe Drinking Water Act, studies were conducted and a maximum contaminant level 
(MCL) for nitrate in groundwater of 10 mg/L was created to help protect infants from 
methemoglobinemia (Adelman et al., 1985; Di & Cameron, 2002; Exner et al., 2014; 
Gurdak & Qi, 2012; Temkin et al., 2019).   
Current research on human health effects from nitrate contamination has  
correlated chronic nitrate exposure with cancer (bladder, thyroid, colon, and kidney) and 
birth defects (low birth weight, preterm birth) (Gurdak & Qi, 2012; Schaider et al., 2019).  
Some of these studies have gone further, questioning the MCL limit set by the 
Environmental Protection Agency (EPA) as too high.  Large epidemiological studies 
have seen statistically significant increases in some of these cancer risks at chronic 
exposure to limits ranging between 0.7-2.0 mg/L (Temkin et al., 2019).  As a result of 
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indirect costs, such as healthcare, loss of productivity, and death, nitrate related 
contamination leads to an annual loss of somewhere between $2.3-$12.6 billion (Temkin 
et al., 2019).  Nitrogen management is important for human, livestock, economic, and 
environmental health. 
 
Figure 1. An example scheme of the vadose zone across a range of substrate 
textures, differentiating the full vadose zone from the intermediate and including a 
potential perched water table atop of a restrictive clay lens. 
Studies have shown that increasing nitrate-N concentrations in groundwater is 
linked directly to loading at the surface and transport from the vadose zone  (Exner et al., 
2014; Liu et al., 2013; Xin et al., 2019).  In order to reach groundwater, nitrate must first 
pass through the vadose zone (Figure 1).  Fertilizers applied at the surface have the 
potential to be leached through the root zone, which is the uppermost layer of the vadose 
one (Hergert & Shapiro, 2015).  Nitrogen in the root zone interacts with plants, soil 
minerals, and microbial communities (Di & Cameron, 2002).  Once it passes through the 
root zone, it reaches the intermediate vadose zone, where it continues to leach towards 
the groundwater.  Researchers have studied the vadose zone in order to get an estimate on 
when these contamination events will occur to help warn private well users when they 
will need to either treat their wells or find an alternate source of potable water.  
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Water content is a leading factor in nitrogen dynamics of soil (Mekala & Nambi, 
2017).  Water affects permeability, transport, microbial activity, and form that nitrogen 
takes in the vadose zone (Mekala & Nambi, 2017).  Irrigation application, amounts and 
timing dictates if excess water will flush nitrate from the root zone and into the vadose 
zone.  As the solute is transported towards the water table, it fills in pore space, switching 
the microsites from a potentially oxic to anoxic conditions, altering the redox state 
(Mekala & Nambi, 2017; Rubol et al., 2013).  This switch in moisture content will drive a 
shift in microbial communities and nitrogen-N transformations within soil (Mekala & 
Nambi, 2017) because higher water filled pore space (WFPS) will result in a lower 
oxygen content (Cannavo et al., 2004). 
Starting in 2016, a vadose zone study consisting of 27 cores was conducted in the 
Central Platte Natural Resource District (CPNRD) (Figure 2).  That study was conducted 
to revisit previously cored locations from the mid-1990’s to look at the changes in nitrate-
N loading in the vadose zone from across the district and evaluate the management 
practices and regulations that were put in place.  Nitrate-N in each sampled interval was 
graphically compared (Appendix 1), along with the total nitrate-N storage in the vadose 
zone (Table 3).   
As it has been stated, nitrate-N is highly mobile and has major and minor health 
implications, so the historical study was focused on nitrate-N.  In the 2016 study, 
ammonium-N was added to the analytes.  Ammonium-N, which is a positively charged 
and mineralized form of nitrogen, has a lower mobility due to sorption to negatively 
charged clay particles (Böhlke et al., 2006).  In the process of studying nitrate-N 
movement in the vadose zone in the CPNRD, sites with higher-than-expected 
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concentrations of ammonium-N deeper in the vadose zone were discovered (Figure 3).  
Graphical results from this study can be found in Appendix 1.   
At site DH-32, there are two depth intervals that show a higher concentration of 
ammonium than nitrate, with the more notable from 60-65’, and the other 30-35’.  At site 
DH-36, the zone of interest is from 35-40’.  In this interval, there is an elevated   
ammonium concentration with a decreased nitrate concentration relative to samples 
collected above and below this zone.  This thesis focuses on the interval of 60-65’ at site 
DH-32 and the interval 35-40’ at site DH-36.  Due to established health effects of nitrate-
N exposure, much of the research surrounding nitrogen content in the vadose zone has 
been focused on nitrate-N and largely ignores smaller pools, such as ammonium-N, 





Figure 2. Vadose zone coring locations from the Central Platte Natural Resource 





Figure 3. The two locations from the 2016 Central Platte Natural Resource 
District study that show elevated ammonium-N concentrations relative to 
nitrate-N concentrations that are the basis of this study. 
7 
 
In the present study, it is hypothesized that in agricultural production land that has 
been switched from gravity irrigation to pivot irrigation, the solute movement is slowed 
down, increasing the nitrogen residence times, which allows for more microbial 
processing to occur, converting nitrate to ammonium.  The goal of this research is to 
address the elevated ammonium-N concentrations at sites DH-32 and DH-36 and 
establish whether related subsurface constituents can help identify the potential N source.  
Potential sources of this subsurface ammonium can be surface applied being transported 
to depth, mineralization of organic nitrogen from pathways such as dissimilatory nitrate 
reduction to ammonium (DRNA), abiotic reduction of nitrate to ammonium through iron 
catalyzation, or abiotic sulfur driven nitrate reduction to ammonium.  Two intervals 
originating from two different cores were found to have ammonium-N concentrations 
higher than nitrate-N concentrations in the deep vadose zone at depths of 35-40’ and 60-
65’.  These cores were analyzed using laboratory methods for nitrate-N and ammonium-
N extraction, Total Kjeldahl Nitrogen (TKN), total organic carbon (TOC), carbon-13 of 
organic carbon (δ13C-OC), and hot water extractable organic carbon (HWEOC) to 
identify potential sources of ammonium-N.  Other physical and chemical properties were 
also analyzed to better understand the environment leading to ammonium accumulation 







2. Central Platte Natural Resource District Vadose Zone Study 
2.1 Project Summary 
The purpose of this project was to sample and analyze spatial and temporal changes 
in vadose zone nitrogen storage and to compare results with previous data from the 
Central Platte Natural Resources District to relate to potential groundwater nitrate-N 
contamination. Individual cores were collected during and after the growing season 
between 2016 and 2019. Cores were collected, processed, analyzed, results graphed, and 
results interpreted within this thesis. The appendices consist of the graphs, tabulated 
results of laboratory analysis, tabulated results of selected sites analyzed for particle size 
distribution, and tabulated results of experiments from Chapter 3. Locations previously 
sampled in the 1990’s allowed for comparison of changes in stored nitrogen. 
Overall, the trends suggest that for locations previously sampled, the amount of 
vadose zone nitrogen storage in the upper layers of numerous fields appear to be slowly 
declining. Many locations have a reduce mass of stored NO3-N in the top of the profile, 
which suggests to improved nitrogen and irrigation water management might have a 
positive effect. However, some locations indicate higher vadose NO3-N concentrations 
near the surface suggesting recent leaching of excess fertilizer nitrate-N. Only five 
locations sampled had significantly higher vadose zone NO3-N storage, where there was 
an increase of over 20%. There were also a few locations that had similar NO3-N storage 
profiles relative to previous studies suggesting that movement is very slow or that surface 
loading has not changed. On average there was a 10% decrease in total nitrate-nitrogen in 
the vadose zone at all locations sampled.  
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Porewater NO3-N, determined from sediment nitrate concentrations and gravimetric 
moisture content, are very high in many locations suggesting that historical nitrate-N 
leaching will continue to impact the local groundwater in areas with rapid movement. 
Overall, most locations suggest that changing management may eventually lead to a 
reduction in vadose zone nitrate-N and if so, would produce a long-term reduction in 
groundwater concentrations. Continued monitoring will help to ensure if this trend 
continues, ideally leading to reduced NO3-N concentrations in both the vadose zone and 
groundwater across all sites. 
2.2 Area of Study 
Twenty-seven (27) locations (Figure 2) were identified by the CPNRD for subsequent 
sampling of the vadose zone. Cores were collected across the district from a variety of 
land use, topography, and soil type.  All locations were selected by the CPNRD Water 
Resource Specialist, Dan Clement, and emphasized collection of cores from previous 
sample locations as well as evaluating the relationship to groundwater management 
phases.  Coring locations are all under irrigated crop production, with 5 currently under 
gravity irrigation and the remaining 22 using pivot sprinkler irrigation (Table 4). Three 
cores were collected from quality control phase 2 land: DH-19, DH-20, and DH-32. Two 
cores were collected from quality phase 3 land within the same quarter section: MSEA-3 
and MSEA-6 (Table 4).  
The CPNRD spans the south-central region of Nebraska along the Platte River from 
its western boundary near Gothenburg to its eastern boundary near Osceola.  The area 
directly adjacent to the Platte River consists of the Platte River Valley.  This valley has 
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very little relief and consists of high sand content soils in the top one meter of the profile 
(Figure 5).  The water table is also very near the surface in certain areas.  A consequence 
of this very flat and permeable land is that there is minimal runoff and a high chance of 
surface applied fertilizers to infiltrate into the groundwater (Exner et al., 2010).  The 
region to the north of the Platte River Valley consists of loess deposit uplands that are 
shown to be between150-200’ high (Diffendal & Smith, 1996).  A majority of the land 
use is irrigated corn with a soybean rotation and pockets of rangeland bordering the Platte 
River (Meals et al., 2012).   
During the Laramind orogeny, 75-35 Ma (millions of years ago), the Rocky 
Mountains to the west were uplifted, creating a source for water and sediments to be 
transported to the plains of Nebraska and form the basis of the South and North Platte 
Rivers.  This uplift continued into the late Eocene epoch (Condon, 2005).  As time 
progressed into the Oligocene epoch, volcanoes began to form west of the Rockies, 
stretching from Utah to Washington State.  Uplift of the Rockies was interrupted and they 
began to become buried in their own debris and eolian volcanic materials from further 
west (Condon, 2005).  Towards the end of the Oligocene epoch, uplift continued and the 
surface gradient began to increase away from the Rocky Mountains eastward.  During 
this time period volcaniclastic sediments and rocks from the Rockies were deposited 
uninterrupted towards the plains, continuing into the Miocene epoch (Condon, 2005). 
As the Miocene epoch began, the climate was cool and dry, a favorable condition for 
life with an abundance of diverse flora and fauna in the plains (Condon, 2005).  During 
this epoch, the Ogallala formation was deposited from eastward drainage systems 
carrying gravel and sand.  This sediment filled in previously eroded valleys from the 
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Oligocene epoch (Condon, 2005).  After the Miocene, the Pliocene epoch had glaciation 
that covered the eastern third of what is now Nebraska (Condon, 2005; Peckenpaugh & 
Dugan, 1983).  These ice sheets diverted the flow of rivers to the south and southeast, 
reducing the eroding power and sediment carrying capacity, resulting in aggredation of 
valleys (Peckenpaugh & Dugan, 1983).  This led to the construction of alluvial plains, 
that became the basis of the Platte River channel in Nebraska (Peckenpaugh & Dugan, 
1983).   
As the ice sheets began to retreat and advance, there were several episodes of fluvial 
and eolian deposition.  The deposit of coarse sand and mixed sand and gravel that was 
deposited underlies almost all of Hall County, Nebraska (NRCS, 2003).  Much of this 
sand and gravel was weathered from igneous rocks, but also contain sediments from other 
types of rock (NRCS, 2003).  The High Plains Aquifer in this area is primarily contained 
in Pleistocene sands and gravel with a gradient in thickness increasing from northwest to 
southeast (NRCS, 2003).  The large textured material is generally below the upper fine 
textured sediments, with some sand sequences separated only by a thin layer of silt and 
clay (Figure 4) (Peckenpaugh & Dugan, 1983).  The quaternary gravel, sand, silt, and 
clay deposits at the land surface are generally of fluvial origin, with some of the silt and 




Figure 4. Core DH-47 from the CPNRD vadose zone study shows several thin clay 
lenses in between coarse textured sands in the intermittent vadose zone.  DH-47 is 
less than two miles west of DH-32. 
The vadose zone consists of these coarse-textured materials which allow for rapid 
percolation of solute above the primary aquifer (Exner et al., 2014; Schneider, 1990).  
Within the vadose zone, there are intermittent clay layers, which will restrict vertical 
solute transport and promote horizontal transport directly above the restrictive layer 
(Figure 4). 
The Platte River runs west to east across the center of the district and groundwater 
flow generally runs parallel to the river. Many areas within the district lie within the 
Platte River valley and have a relatively shallow water table and sandy soils that allow 
for high water infiltration (Table 5). Soils in the eastern half of the district are 
characterized as sandy and well-drained with sand content as high as 90% (Figure 5).  
Because groundwater nitrate in these areas is also high, many of these areas typically are 
designated as groundwater quality control phase areas (Table 2) defined by average 
groundwater nitrate-N concentrations. Phase 2 and 3 management areas generally 
correspond to sand-rich well-drained soils prone to nitrate leaching.  
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Table 1. Site ID, coordinates, sample date, and rig type used for coring methods. 
Site Latitude Longitude Sampling Dates Rig Type 
DH-19-15 40.709581 -98.434800 3/29/16 CME 
DH-20-15 40.774889 -98.285778 4/6/16 CME 
DH-21-16 40.976983 -98.641439 11/16/16 CME 
DH-22-2-16 41.188994 -97.737481 11/15/16 CME 
DH-26-19 41.025300 -100.129444 12/11/19 CME 
DH-28-17 40.749067 -100.01183 11/7/17 CME 
DH-29-17 40.709528 -100.20247 11/6/17 CME 
DH-30-17 40.773861 -99.397389 4/19/17 CME 
DH-31-16 40.957383 -98.648400 11/21/16 CME 
DH-32-15 40.738806 -98.360778 4/4/16 CME 
DH-36-16 41.237247 -97.533028 11/15/16 CME 
DH-37-18 40.822700 -99.491111 4/23/18 CME 
DH-38-19 40.9883 -100.1438 4/23/18 CME 
DH-39-19 41.016711 -100.2121 12/10/19 CME 
DH-40-18 41.133700 -100.146389 4/23/18 CME 
DH-41-18 41.169500 -99.799167 4/24/18 CME 
DH-47-15 40.728472 -98.327528 3/30/16 CME 
DH-48-15 40.698639 -98.316222 3/30/16 CME 
DH-49-15 40.757639 -98.343361 3/31/16 CME 
DH-50-20 40.7322 -99.9057 1/15/20 CME 
MSEA-3-17 40.755617 -98.752772 11/14/17 GeoProbe 
MSEA-6-17 40.753761 -98.755447 11/14/17 GeoProbe 
Rosenau-17-19 40.732244 -99.905953 11/8/2017 & 12/12/19 CME 
RS-1-20 41.0036 -99.6449 1/14/20 CME 
RS6-17 40.858389 -99.221806 4/18/17 CME 
RS8-17 40.896444 -98.815056 4/20/17 CME 





Figure 5. Root zone soil composition as a percentage from the United States 




Four groundwater quality control phase areas have been identified across the 
district: Phase 1, Phase 2, Phase 3, and Phase 4 (Table 4). In the Phase 1 zones, fall N 
applications on heavy soils are permitted after November 1 and producers can apply 
commercial N fertilizer on sandy soils after March 1. Phase 2 also allows application of 
commercial N fertilizer on sandy soils, but this application and any N fertilizer on any 
soil must be applied after March 1. Producers using N fertilizers must acquire 
certification through approved training programs. Producers must also report legal 
description of wells irrigating the crops, acres of each crop, and crop type. In addition, if 
planting corn, sorghum, and potatoes, producers are required to perform regular soil and 
water tests to monitor residual nitrogen and groundwater nitrate, report expected yields, 
apply credits for past legume crop and manure or sludge, and use University of Nebraska 
recommended N application rates. Producers must also monitor annual groundwater 
irrigation volume applications which may improve water use, lower need for higher 
fertilizer application rates and reduce nitrate-N leaching. 





Phase 1 0-7.5 No municipal supply potentially adversely impacted 
Phase 2 7.6-15.0  Municipal supply within a sub-region that is potentially 
impacted or vadose zone nitrates indicating strong 
potential for future groundwater quality problems 
Phase 3 15.1≤ Municipal supply within a sub-region that is potentially 
impacted or vadose zone nitrates indicating strong 
potential for future groundwater quality problem 
Phase 4 Areas where nitrate levels are not declining at an acceptable rate as 
determined by the Board of Directors. A determination will be made by 
reviewing the running 5-year average of a well or set of wells, and the 




Groundwater quality control phase 3 has the same requirements as phase 2 with two 
additional requirements. The first requires split application of fertilizer during the 
growing year. If more than 50% of the application is applied as pre-emergent, the 
producer is required to furnish certification from the dealer that an inhibitor was used at 
the recommended rate. Quality control phase 3 also prohibits commercial N fertilizer 
application on sandy soils until after March 1 and requires split application of fertilizer. 
Quality control phase 4 has all the same requirements as quality control phase 3, with 
three additions. The first addition is that the expected yield is to be set by the district. The 
second is that commercial N fertilizer applications must not exceed district 
recommendations and a copy of the fertilizer receipt must be submitted with the report. 
The final requirement for Phase 4 is that the NRD staff will work with the producer to 
improve nitrogen and irrigation management practices. For the ground water quality 
control program, the CPNRD has 1,393,902 acres phase 1 designation, 424,075 acres 
under phase 2 designation, and 320,352 acres under phase 3 designation (Table 4).  There 
are no phase 4 zones throughout the district. 
Table 3. Twenty-year average NO3-N concentrations in groundwater samples and 
measured soil NO3-N by control quality phases in the Central Platte Natural 
Resource District compared to the average vadose zone NO3-N measured in the 

























1 1,054 4.02 4.74 774 3.41 4.03 1,393,90
2 
2 690 13.4 11.4 91 14.8 20.2 424,075 
3 555 19.0 9.43 22 1.23 1.11 320,352 
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Table 4.  Description of location ground water quality phase, irrigation method, and 








Fertilizer Application Rate 
(Self-Reported) 
DH-19-15 Phase 2 Pivot Corn/Seed 
Corn/Bean/Alfalfa 
rotation 
1 ton of chicken manure - 
organic field for 8 years 
DH-20-15 Phase 2 Pivot Corn/Bean rotation Average of 180 lbs/acre - field 
grid sampled every year, applied 
as recommended  
DH-21-16 Phase 1 Pivot Not Reported Not Reported 
DH-22-2-16 Phase 1 Pivot Crop rotation Actual N 230-240 lbs/acre every 
other year 
DH-26-19 Phase 1 Pivot Not Reported Not Reported 
DH-28-17 Phase 1 Gravity Not Reported Not Reported 
DH-29-17 Phase 1 Gravity Not Reported Not Reported 
DH-30-17 Phase 1 Pivot Not Reported Not Reported 
DH-31-16 Phase 1 Pivot Corn Average 220 lbs/acre varies by 
nitrogen carryover from year to 
year using soil tests 
DH-32-15 Phase 2 Pivot 
  
DH-36-16 Phase 1 Pivot Corn/bean rotation 180-200 lbs-N/acre for corn 
DH-37-18 Phase 1 Pivot Not Reported Not Reported 
DH-38-19 Phase 1 Pivot Not Reported Not Reported 
DH-39-19 Phase 1 Pivot Not Reported Not Reported 
DH-40-18 Phase 1 Gravity Not Reported Not Reported 
DH-41-18 Phase 1 Gravity Not Reported Not Reported 
DH-47-15 Phase 1 Pivot Corn/Seed 
Corn/Bean rotation 
100 lbs-N/acre for seed corn and 
220 lbs-N/acre for field corn 
DH-48-15 Phase 1 Pivot Corn/Seed 
Corn/Bean rotation 
220 lbs-N/acre when continuos 
corn and 110 lbs-N/acre when 
corn/soybean rotation 
DH-49-15 Phase 1 Gravity Corn/Soybeans Approximately 180 lbs-N/acre 
for corn 
DH-50-20 Phase 1 Pivot Not Reported Not Reported 
MSEA-3-17 Phase 3 Pivot Not Reported Not Reported 
MSEA-6-17 Phase 3 Pivot Not Reported Not Reported 
Rosenau-17-19 Phase 1 Pivot Not Reported Not Reported 
RS-1-20 Phase 1 Pivot Not Reported Not Reported 
RS6-17 Phase 1 Pivot Not Reported Not Reported 
RS8-17 Phase 1 Pivot Not Reported Not Reported 
RS9-17 Phase 1 Pivot Not Reported Not Reported 
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2.3 Summary of County Level Results 
2.3.1 Dawson, Custer, and Phelps Counties 
In the western part of the district (Figure 6), 10 cores were collected between Dawson 
and Custer Counties. These cores were collected in 2017 (2), 2018 (3), 2019 (3), and 
2020 (1). This part of the district has a single Phase 2 GWMA, but no cores were 
collected within the designation. In this area, both north and south of the Platte River 
have high silt content soils. 
Site DH-26 is located in northwestern Dawson County, north of Gothenburg. The 
field had corn planted prior to sampling and is under pivot irrigation. The nitrate levels in 
this profile are low, but the total nitrogen storage decreased slightly by 128 lbs-N/acre 
from 631 lbs-N/acre in 1994 to 503 lbs-N/acre in 2019 (Table 6). The decrease is due to 
Figure 6. Sampling locations, groundwater management area phases, and nearby 
towns in Dawson, Custer, and Phelps counties. 
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higher concentrations from two peaks at 40 and 50’ from 1994 that have been transported 
from the vadose zone (Appendix 1). 
Site DH-28 is located in southern Dawson County, directly south of Cozad. It is under 
gravity irrigation (Table 4). This 2017 profile has two peaks of nitrate above the previous 
1994 peaks, showing new nitrate leaching (Appendix 1). A peak in vadose zone nitrate 
indicated in 1994 is no longer present, so it has likely infiltrated into the groundwater. 
This location has relatively even water content throughout the profile, which makes the 
porewater NO3N graph shaped similarly to the soil NO3N. In the previous profile, this 
site had an estimated 6,627 lbs-N/acre in the vadose zone. The current estimate is 2,360 
lbs-N/acre, showing a large drop of 4,267 lbs/acre (~64%) (Table 6).  
Site DH-29 is located in the southwestern corner of Dawson County, a mile east of 
Farnam. This field is under gravity irrigation (Table 4). During coring, refusal was 
encountered at 140’ before reaching the water table. The nitrogen peaks near the top of 
the profile, in the top 10’, shows new storage (Appendix 1). No transport time estimates 
can be made because there are no discernable peaks in the top 140’ that can be matched 
between sampling events. In 1994, the total nitrogen storage was 2,999 lbs-N/acre for the 
same depth profile as the 2017 core, while in 2017 the total storage was 3,940 lbs-N/acre 
(Table 6). Despite having a shallower sample, the sampling interval at this location had 
an increase in total vadose zone nitrogen storage by ~31%. 
Site DH-37 is located in eastern Dawson County, north of Overton, NE and the field 
is under pivot irrigation (Table 4). This site is also near the Platte River and has a 
relatively shallow water table of 48’. A comparison of each sampling period suggests 
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moderate levels of nitrate-N storage in the vadose zone and porewater nitrate 
concentrations are below 10 mg/L. Total storage in 1998 of 388 lbs-N/acre compares to 
268 lbs-N/acre in 2018 (Table 6).  
DH-38 is located in northwestern Dawson County directly north of Gothenburg, NE 
and is under pivot irrigation (Table 4). Depth to groundwater is 70’ (Table 5). The total 
stored vadose zone nitrate-N in 1998 was 362 lbs-N/acre is lower than the estimated 462 
lbs-N/acre in 2019 (Table 6). This site has relatively uniform nitrogen concentrations 
throughout the profile, with higher concentrations within the root zone and a slight peak 
from 10 to 20’ (Appendix 1).  
Site DH-39, in the northwestern corner of Dawson County, is under pivot irrigation 
and the depth to groundwater is 108’ (Table 4, Table 5). The total stored vadose zone 
nitrogen in 2019 is 1,000 lbs-N/acre (Table 6). This site has lower overall gravimetric 
moisture content than other sites and generally higher porewater NO3N concentrations. 
One NO3-N concentration peak at 38’ observed in the 1998 core appears to correspond to 
the peak at 80’ in 2019 (Figure 7). The apparent nitrate-N transport rate of 2 feet/year is 






Figure 7. A comparison of vadose zone NO3-N concentration peaks at DH-39. 
Site DH-40 is located in southwestern Custer County, directly north of Gothenburg. 
This field is under gravity irrigation (Table 4). During coring the drilling rig hit refusal at 
80’ (indicating the no further penetration was possible) and did not reach the water table 
(Table 5). In 1998, the total stored nitrate-N was estimated to be 1,955 lbs-N/acre, while 
in 2018 the total storage decreased by ~34% to 2,693 lbs-N/acre (Table 6). NO3-N 
concentration peaks could not be correlated to estimate transport rates. 
Site DH-41 is located in southern Custer County, just northwest of Octono, NE and 
under gravity irrigation (Figure 6, Table 4). In 1998, the total NO3-N storage was 803 lbs-
N/acre, decreasing by about 23% to 620 lbs-N/acre in 2018 (Table 6). There are no peaks 
to estimate transport time, but due to high sand content within the profile, transport would 
be comparable to other sandy sites. 
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The Rosenau site is located in southern Dawson County, south of Darr, NE. During 
coring in 2017 the drill rig broke down at 80’ depth, and the final 80’-110’ was collected 
in 2019 to complete the profile. The field has been under pivot irrigation, with a total 
depth to water of 110’ (Table 4, Table 5). When previously sampled in 1991, the total 
stored vadose NO3-N was 817 lbs-N/acre decreased by 42% to 472 lbs-N/acre (Table 6). 
The nitrate-N concentration peak at approximately 5’ below the surface in 1991 may 
correspond to deeper concentration peak at 70’ in 2017 (Figure 8). Assuming these 
represent the same nitrate-N spike, the approximate transport rate would be 2.5 feet per 
year. 
 
Site RS-1 is located in northeastern Dawson County just west of Eddyville, NE. 
This field is under pivot irrigation with a depth to groundwater at 108’ (Table 4, Table 5). 
In 1991, the total stored NO3-N was approximately 250 lbs-N/acre, compared to 461 lbs-
N/acre in 2020 at the same depth profile (Table 6). Higher concentrations were observed 




near the surface in 2020.  This site has a consistently low NO3-N concentration from 40’ 
to the water table.  The gravimetric moisture content fluctuates from high to low between 
70’ and 100’, which in turn, leads to variable pore water NO3-N in the same interval. 
2.3.2 Buffalo County 
In Buffalo County (Figure 9), 7 cores were collected in 2017 and 2020. This area has 
both Phase 2 and Phase 3 GWMAs and both MSEA sites are within the Phase 3. In this 
area, the MSEA sites are close to the Platte River and lie within its valley. They were the 
shallowest sites of this project at 20’ to groundwater and soils are well drained gravely 
sandy loam with high silt content at the surface. 
Site DH-30 is located in western Buffalo County, north of Elm Creek, NE and under 
pivot irrigation with a water table near 65’ (Table 4, Table 5). Stored vadose zone nitrate-
N was 1,882 lbs-N/acre in 1994, compared to 2200 lbs-N/acre in 2016 (Table 6). Though 




this profile has variable concentrations, a peak nitrate-N concentration at 10’ in 1994 may 
potentially correspond to a peak at 65’ from 2016 and would be consistent with a 
transport time of approximately 2.5 feet per year (Figure 10). 
DH-50 is located in central Buffalo County north of Riverdale, NE and this field is 
under pivot irrigation (Table 4). The drill rig hit refusal at 149’ and was not able to 
penetrate to the water table (Table 5). This profile had a total estimate vadose nitrate-N of 
1,220 lbs-N/acre (Table 6).  This site was not previously cored.  
MSEA-3 is one of two locations from a field in southeastern Buffalo County 
southwest of Shelton and located on the former Management Systems Evaluation Area 
(MSEA). This field is under pivot irrigation and the vadose zone is extremely thin with 
groundwater being at a depth of 20’ (Table 4, Table 5). The vadose zone is comprised 
mostly of sand and gravel, with the root zone being the only area with fine textured 




sediments and transport times would be very fast. With the high transport time and 
shallow water table, this field is under Phase 3 of the GWMA. In 1991, this core has a 
total storage of 107 lbs-N/acre compared to 71 lbs-N/acre in 2017 in the vadose zone 
(Table 6).  
MSEA-6 is the second of two locations from a field in southeastern Buffalo County 
southwest of Shelton and this field is also under pivot irrigation. The vadose zone is 
extremely thin, with groundwater being at a depth of 20’ and a total stored of 88 lbs-
N/acre was estimated at this location (Table 5, Table 6, Appendix 1).  In 1991, there was 
a total storage of 76.4 lbs-N/acre, showing a slight increase of ~15%. 
RS-6 is located in central Buffalo County east of Amherst, NE. This field is under 
pivot irrigation with the water table at 120’ (Table 4, Table 5). This site has low 
concentrations of NO3N from both sampling periods relative to other sites. In 2017, the 
larger concentrations are at the surface in the rooting zone and at 30’ in depth. Total 
stored vadose nitrate-N in 1991 was 734 lbs-N/acre increased to 858 lbs-N/acre in 2017 
(Table 6). This site has no discernable NO3N peaks to estimate transport times. 
RS-8 is located in eastern Buffalo County southeast of Ravenna, NE and is under 
pivot irrigation with the water table at 100’ (Table 4, Table 5). In 2017, this site had a lot 
lower NO3N concentration relative to 1991 (Appendix 1). This site also has a pretty 
constant gravimetric water content, which shows the pore water NO3N concentration 
graph shaped similarly to the NO3N graph. All values of pore water NO3N are under the 
MCL. In 1991, the total stored nitrate-N was 1,637 lbs-N/acre compared to 238 lbs-
N/acre in 2017, showing the largest percent decrease of sampled sites at ~84% (Table 6). 
There are no discernable peaks to estimate transport times. 
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RS-9-17 is located in central Buffalo County northeast of Amherst, NE and is pivot 
irrigated with a depth to water at 115’ (Table 4, Table 5).  In 1991, there was a NO3N 
concentration peak near 20’ below the surface which may correspond to a spike at 80’, 
suggesting a transport rate of 2.3 feet per year (Appendix 1). In 1991 total vadose nitrate-
N storage was 1,420 lbs-N/acre (Table 6). Estimated storage decreased to 765 lbs-N/acre 
in 2017. 
2.3.3 Hall and Howard Counties 
In Hall County (Figure 11), 8 cores were collected in 2016. The Platte River cuts 
through Hall County (Figure 2), and these sites are characterized by a shallow water table 
and sandy surface soils (Figure 4). These highly permeable areas are overlaid with the 
Figure 11. Sampling locations, groundwater management area phases, and nearby 
towns in Hall and Howard Counties. 
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Phase 2 and Phase 3 GWMA’s. In the southeastern corner of the state are 6 sampling 
locations with 3 locations being under Phase 2 (DH-19, DH-20, and DH-32). The other 
two sites are in the northwestern quarter of the county, just southwest of Cairo.  
Site DH-19, in southern Hall County, is a field corn, seed corn, and bean rotation. 
Previously, the site has been used for alfalfa, and has been under pivot irrigation for 
about 40 years (Table 4). Over the past 8 years, the producer has switched to organic 
sources of nitrogen. In general, the producer applies one ton of chicken manure per acre, 
though not annually as the most recent application was in the spring of 2015. DH-19 is in 
a Phase 2 groundwater management area. 
A nitrate-N concentration peak apparent in the 1994 profile around 60’ may 
correspond to a similar peak now at 80’ below the surface, suggesting a transport rate of 
around 0.91 feet per year (Figure 12). Sediments are clay to sandy loam with relatively 
low moisture content.  Reduced water movement through this layer may be responsible 
for accumulation of nitrate above the water table. Between 1994 and 2016, the estimated 
change in nitrate-N storage from 8,023 to 8,860 lbs-N/acre corresponds to an increase of 
10% (Table 6).  The high concentrations of stored NO3N may have resulted from very 
high nitrogen application or spill approximately 50 years ago or the high concentrations 
could also be related to a “geogenic” or natural source of nitrate accumulation.  This 
location should be resampled for analysis of organic nitrogen content, nitrogen isotope 
measurement and other indicators of a natural source. Irrigation over mobile geogenic 




Figure 12. A comparison of vadose zone NO3-N concentration peaks at DH-19.  
Apparent distance traveled was 20 feet at this location. 
Site DH-20 is a pivot irrigated site in southern Hall County east of Doniphan, NE and 
has been in a corn and bean rotation for three to four years (Table 4). An average of 180 
lbs/acre of fertilizer is applied to this field annually. The field has been grid sampled for 
several years, enabling controlled fertilizer application. The field has been under pivot 
irrigation since 1979. This site is also under Phase 2 of the groundwater management 
area. The NO3N concentrations throughout the profile in this site resemble the profile 
from the previous collection date (Appendix 1). There is a significant peak in ammonia-N 
concentrations, up to 12 µg/g between 25 and 30’ below the surface which appears at the 
same depth as clay and silt loam layers. Total NO3N storage increased slightly by 30 lbs-
N/acre (2%), from 1,730 lbs-N/acre in 1994 to 1,760 lbs-N/acre in 2016 (Table 6) 
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DH-21 is in northwestern Hall County southwest of Cairo, NE and has a depth to 
water of 119.8’ (Table 5). The field is under corn and bean rotation and under pivot 
irrigation (Table 4). A nitrate-N concentration peak at a depth of 65’ from 2016 may 
correlate with a peak identified at approximately 35’ from 1994. Using an elapse time of 
22 years, the vadose nitrate-N transport time can be estimated at roughly 1.2 feet per 
year.  In 1994, this location had 1,864 lbs-N/acre stored in the vadose zone, which 
increased by 316 lbs-N/acre to 2180 lbs-N/acre (Table 6) 
Site DH-31 is located in northwest Hall County, southwest of Cairo, NE. The field is 
planted with continuous corn with an average of 220 lbs/acre of fertilizer applied 
annually, but this field is tested annually, and the amount of actual N applied depends on 
the carryover from the previous year (Table 4). For the past ten years this field has been 
pivot irrigated though the field was under gravity irrigation for the previous 35 years.  
The depth to water is 109’ (Table 5).  This site had a 37% increase in stored NO3N, 
increasing from 1,674 lbs-N/acre in 1996 to 2,300 lbs-N/acre in 2016 (Table 6) 
DH-32 is located in southern Hall County, south of Doniphan, NE, under pivot 
irrigation with a depth to water of 83’ (Table 4, Table 5). It is located in a Phase 2 
groundwater management area. This is a very sandy vadose zone profile with potentially 
high transport rates. Elevated pore water NO3N concentrations generally occur beneath 
the crop root zone. Total vadose zone nitrate-N storage decreased in this location by 519 
lbs-N/Acre, from 680 lbs-N/acre in 1996 to 161 lbs-N/acre in 2016 (Table 6). 
Core DH-47 was drilled in a field in southern Hall County south of Doniphan, NE.  It 
has a depth to water of 85’ (Table 5). It has under a rotation of corn, seed corn, and beans 
for the past 6 years, and for the past 15 years irrigated with a pivot system (Table 4). For 
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the past two years cover crops have been used. When planted to seed corn, 220 lbs N/acre 
of fertilizer are applied, while field corn requirements are 100 lbs/acre. This site consists 
of sandy sediments with fine particle lenses.  This site was not previously sampled.  This 
site has an elevated NO3N content at the top of the profile at 3.7’ (Appendix 1).  This is 
still in the root zone and still usable for crops.  This location had 445 lbs-N/acre in the 
vadose zone (Table 6). 
DH-48 is on the very southern edge of Hall County south of Doniphan, NE.  This site 
has a depth to water of 75’ (Table 5). The field has been under a seed corn and bean 
rotation for 12 years (Table 4). Prior to these 12 years, the field was planted with seed 
corn for 35-40 years. As the field is currently planted, it receives 110 lbs/acre of fertilizer. 
When it was planted with commercial corn, the field received 220 lbs/acre. It has been 
under pivot irrigation for 40 years. This site was not previously sampled.  This site has 
two smaller NO3N peaks at 18’ and 38’.  This location had 1,070 lbs-N/acre stored in the 
vadose zone (Table 6). 
DH-49 is located in southern Hall County south of Doniphan and was sampled in late 
March of 2016. In the prior crop year, the field was planted with soybeans. In recent 
years, the field has been under a corn and soybean rotation (Table 4). The field has been 
under gravity irrigation for 50 years. The producer estimates that out of these 50 years, 35 
have been under corn crops. The sampling site is located close to the upper end of the 
field near the irrigation pipe, so there is a greater chance of N leaching at this end of the 
field. Soybeans are not fertilized, but corn receives approximately 180 lbs/acre. This site 
was not previously sampled.  This site has a small NO3N peak in the top 1’ of the profile, 
so it is still available to crops.  The variation in pore water NO3N can be attributed to a 
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drop in gravimetric moisture content between 50-60’ (Appendix 1).  This location had 
621 lbs-N/acre stored in the vadose zone (Table 6) 
2.3.4 Hamilton, Merrick, Nance, Polk, and Platte Counties 
Two sites were cored in Polk County (Figure 13), and collected in 2016. Similar to 
Hall County, much of this part of the district is along the Platte River, resulting in the 
need for elevated GWMA phases. The two sites sampled were outside of this area and 
under Phase 1 requirements. 
DH-22-2 is located in Polk County east of Clarks (Figure 13). The field is a corn and 
bean rotation and is under pivot irrigation (Table 4).  The depth to water at this site is 
113.5’ (Table 5). It has been 22 years since previously sampled, and with coarser 
sediments and only a thin clay layer. The producer reported applying between 230-240 
lbs-N/acre. This site has a little nitrogen storage in the top 10’ of the profile and one 
small peak at around 85’ (Appendix 1).  The peak from 1994 at around 15’ looks like it 
Figure 13. Sampling locations, GWMA Phases, and nearby towns in Hamilton, 
Merrick, Nance, Polk, and Platte Counties. 
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corresponds with the peak from 2016 at 85’, making an estimated transport time at 
around 3.2 feet per year.  This transport time could be relatively slower due to the clay 
layer between 50-55’.  In 1994, this location had 1,087 lbs-N/acre, decreasing by 164 lbs-
N/acre to 923 lbs-N/acre in 2016 (Table 6). 
Core DH-36 was collected in central Polk County, northeast of Osceola, NE, and is 
under a corn and bean rotation (Table 4). It has been irrigated with pivots for 36 years, 
and uses no-till management. It receives an average of 180-200 lbs/acre of nitrogen on 
the corn, while years with soybeans do not receive N fertilizer application. In 1985, 1993, 
and 2008 the field received 10-12 tons/acre of poultry manure. Increased clay and silt in 
the top half of the profile slows transport, though pore water nitrate is relatively high in 
the lower half of the core, partly due to low water content at this zone. Overall, there was 
a drop of total nitrogen by 1,539 lbs-N/acre (55%) from 2,799 lbs-N/acre in 1996 to 
1,260 lbs-N/acre in 2016 (Table 6).  This site was previously cored, but the data from the 
previous study is missing (CPNRD, personal communication).  An interesting 
observation about this site, is the large NH4-N peak at about 40’ (Appendix 1).  It is 
relatively atypical to see high NH4-N concentrations in the vadose zone that do not also 






Table 5. Site ID, sample dates, and depth to water table by county and sorted by 
Central Platte Natural Resource District groundwater quality phase designation. 
"Refusal" indicates that the water table was not reached. 
 Site Sample Date Sample Depth Depth to the 
Water Table  
GWMA Phase 
Dawson, Custer, and Phelps Counties 
DH-26-19 12/11/19 79.5 79.5 Phase 1 
DH-28-17 11/7/17 130.0 Refusal Phase 1 
DH-29-17 11/6/17 140.0 Refusal Phase 1 
DH-37-18 4/23/18 47.9 47.9 Phase 1 
DH-38-19 4/23/18 70.0 70 Phase 1 
DH-39-19 12/10/19 108.0 108 Phase 1 
DH-40-18 4/23/18 80.0 Refusal Phase 1 
DH-41-18 4/24/18 110.5 110.5 Phase 1 
Rosenau-17-19 11/8/2017 & 
12/12/19 
110.0 110 Phase 1 
RS-1-20 1/14/20 108.0 108 Phase 1 
Buffalo County 
DH-30-17 4/19/17 65.0 65 Phase 1 
DH-50-20 1/15/20 149.0 Refusal Phase 1 
RS6-17 4/18/17 120.0 120 Phase 1 
RS8-17 4/20/17 100.0 100 Phase 1 
RS9-17 4/19/17 115.0 115 Phase 1 
MSEA-3-17 11/14/17 20.0 20 Phase 3 
MSEA-6-17 11/14/17 20.0 20 Phase 3 
Hall and Howard Counties 
DH-21-16 11/16/16 119.8 119.75 Phase 1 
DH-31-16 11/21/16 109.0 109 Phase 1 
DH-47-15 3/30/16 85.0 85 Phase 1 
DH-48-15 3/30/16 75.0 75 Phase 1 
DH-49-15 3/31/16 69.9 69.9 Phase 1 
DH-19-15 3/29/16 93.4 93.4 Phase 2 
DH-20-15 4/6/16 59.8 59.8 Phase 2 
DH-32-15 4/4/16 83.0 83 Phase 2 
Hamilton, Merrick, Nance, Polk, and Platte Counties 
DH-22-2-16 11/15/16 113.5 113.5 Phase 1 





Soil cores were collected with a split spoon sampler, also referred to as a core barrel, 
in a hollow stem auger (Figure 14A).  As previously stated, the cores that were sampled 
were part of a larger project assessing nitrate-N storage in the CPNRD.  The split spoon 
sampler is essentially a 5’ tube that is split in half lengthwise to collect soil cores (Figure 
14B).  Inside of the sampler, there are two 2.5’ acrylic tubes that keep the soil sample 
accurately oriented and representing the in situ lithology.  The core barrel is sent down 
through the hollow augers in order to negate the need to remove all augers for each 5’ 
sample.  Once the core barrel is retrieved with the sample, it is taken apart and the acrylic 
liners are capped and labeled with the assigned location ID, depth, and orientation.  
Acrylic liners are then stored in Styrofoam coolers until they are brought back from the 
field and kept in a freezer at 0°F. 
Cores are taken from the storage freezer and brought into the laboratory for 
processing.  In the laboratory, core sections were removed from the freezer and allowed 
to defrost partially. Cores were divided into a maximum of 2.5-foot intervals for 
compositing. Shorter intervals were used where there was a visible change in lithology. 
For each subsample, a portion of the core that was representative of the entire sample was 
separated and returned to the freezer. Out of this remainder, a portion of fresh sample was 
taken for measurement of bulk density and water content (G. Philip Robertson et al., 
1999).  This is conducted by weighing a known volume, oven drying the sample for 24 
hours at 105˚ C, and then reweighing the sample (Figure 14C, Figure 14D). The 
difference in weight represented the water content, which can be divided by the moist 
sample to determine gravimetric water content.  
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The remaining moist sample was homogenized and left to air dry overnight. The 
following day the air-dried soil was ground using a Wiley Mill (Figure 14E). For some 
cores, approximately 15 grams of each ground subsample was taken for an expodited 
particle analysis method (Kettler et al., 2001). Five grams were mixed with 5 mL of 
distilled water to measure sediment pH (G. Philip Robertson et al., 1999). Ten grams 
were mixed with a 1M KCl solution and loaded on a wrist action shaker for one hour to 
extract nitrate and ammonium (Figure 14F) (Diamond, 2003; Knepel, 2012). Extracts 
were preserved with sulfuric acid and batched for colorimetric analysis on a Lachat 
Quikchem 8500 flow injection auto-analyzer (Figure 14G). The quality of the analytical 
results was checked by analysis of method blanks, fortified blanks, and duplicates. A 
standard test soil was also extracted and analyzed with each batch of twenty samples.   
Calculations for each parameter are listed in the table of contents and a summary of 
the average results for each core is provided in Table 7. Graphs of nitrate-N, ammonia-N, 
gravimetric moisture content, and pore water equivalent nitrate-N concentrations 




Figure 14. (A) shows the drill rig used for coring (B) shows the split spoon core 
barrel with the acrylic liners to contain soil samples (C) shows soil that has been 
broken down and homogenized based on changes in lithology (D) shows oven dried 
subsamples used for moisture content and bulk density measurements (E) shows 
homogenized, oven dried soil that has been passed through a Willey Mill (F) shows 
samples after shaking in a KCl solution for nitrate and ammonium extraction (G) 
shows KCl extracts being analyzed on a Lachat Quikchem 8500 FIA.2.5 Discussion 
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Cores were collected from across the CPNRD to characterize nitrate accumulation 
beneath a variety of agricultural practices, identify changed in stored nitrate-N under 
different land use and estimate nitrate transport rate by correlating concentration peaks. 
The depth of the water table ranged from 20’ to over 149’ (Table 5). Some coring 
locations had samples that penetrated into the saturated zone, presumably due to an 
indistinct water table. Vadose zone bulk density averages tended to be higher in the 
agricultural fields further away from the Platte River consistent with coarser sediment 
near the river, with an overall average bulk density of 1.48 g/cm3 (Table 7). DPT 
collected cores may produce a bias in bulk density measurements potentially due to 
compaction as the sample retriever is hammered into the vadose zone. However, because 
these vadose zone sediments were primarily sands, compaction was not found to be an 
issue for this project. 
Individual profiles of gravimetric water content, ammonium-N, nitrate-N, and pore 
water nitrate-N are shown in Appendix 1. Profiles provide an indication of the variability 
in concentration versus depth, allow comparison to sediment texture, and show the 
relationship of vadose zone nitrate-N relative to the water table. For example, shallow 
samples of soil and pore water nitrate-N at sites DH-21, DH-22-2, DH-28, DH-29, and 
DH-40 (Appendix 1) show increased concentrations near the root zone, indicating current 
storage. The profiles DH-19, DH-20, and RS-9 show higher concentrations directly above 




Figure 15. A scatter plot showing the correlation between NO3-N and pore water 
NO3-N. 
Average vadose zone nitrate ranged from 0.82 to 25.48 µg/g dry weight, while the 
pore water equivalent generally averaged between 3.78 to 186 mg/L (Table 7). Higher 
concentrations of pore water nitrate occurred in both the shallower portions and deeper 
portions, but majority were found at deeper depths at both of these locations. The highest 
pore water nitrate concentrations, up to ~575 mg/L, were found at DH-19 generally 
characterized as a vadose zone profile with high nitrate and low moisture content. 
Nitrate-N concentrations increased with depth in this location and appear to be moving 
downward. Because this profile contains very high levels of stored nitrate-N it would be 
useful to resample and better characterize sources of nitrogen and potential for 
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movement. A comparison of difference in total NO3N estimates accumulation between 
the cores collected in the 1990s suggest that overall, there has been a 10% decrease 
beneath these locations (Table 6). The highest increase was in Buffalo and Dawson 
Counties with soils of higher silt content. Pore water NO3-N correlates with soil NO3-N 
(Figure 15) and may be used to illustrate relationships in the vadose zone to groundwater 
nitrate concentration.  Porewater NO3-N is calculated by dividing the NO3N content by 
the gravimetric moisture content.  This shows that if a site has consistent moisture 
content throughout the profile, the pore water NO3-N graph will look very similar to the 












Table 6.  Comparison of total N accumulation in the vadose zone. Note: not all sites 
have historical data available and a negative value indicates a decrease in total 
storage. Average of the %change indicates a 58% increase in vadose zone nitrate-N. 
Comparison data for all sites are censored to within 5’ for accurate comparison. 
















Previously Cored Locations 
DH-19-15 8023 8860 +837 +10% 
DH-20-15 1730 1760 +30 +2% 
DH-21-16 1864 2180 +316 +17% 
DH-22-2-16 1087 923 -164 -15% 
DH-26-19 631 503 -128 -20% 
DH-28-17 6627 2360 -4267 -64% 
DH-29-17 2999 3940 +941 +31% 
DH-30-17 1882 2200 +318 +17% 
DH-31-16 1674 2300 +626 +37% 
DH-32-15 680 161 -519 -76% 
DH-36-16 2799 1260 -1539 -55% 
DH-37-18 388 268 -120 -31% 
DH-38-19 362 462 +100 +28% 
DH-39-19 742 1000 +258 +35% 
DH-40-18 1955 1290 -665 -34% 
DH-41-18 803 620 -183 -23% 
MSEA-3-17 107 71 -36 -34% 
MSEA-6-17 76.4 88 +11.6 +15% 
Rosenau-17-19 817 472 -345 -42% 
RS-1-20 250 461 +211 +84% 
RS-6-17 734 858 +124 +17% 
RS-8-17 1637 238 -1399 -85% 
RS-9-17 1420 765 -655 -46% 
   Average -10% 
Newly Cored Locations 
DH-47-15 N/A 445 N/A N/A 
DH-48-15 N/A 1070 N/A N/A 
DH-49-15 N/A 621 N/A N/A 






Table 7. Average values of measurements from each coring location. Note: DH-19 is not included in the column averages*. 




lbs-N/Acre lbs-N/Acre in 
cored interval 
DH-19-15* 1.43 0.16 6.52 25.48 0.82 185.93 102.99 173.64 
DH-20-15 1.43 0.20 5.91 15.90 2.89 94.67 63.13 112.39 
DH-21-16 1.48 0.22 7.25 4.60 2.20 20.41 18.37 34.88 
DH-22-2-16 1.63 0.17 7.47 2.00 1.22 13.56 8.65 17.08 
DH-26-19 1.34 0.19 8.06 1.87 1.01 10.12 6.85 14.58 
DH-28-17 1.50 0.16 7.71 4.79 0.89 29.10 18.47 38.29 
DH-29-17 1.49 0.19 7.44 7.15 1.33 39.02 29.66 58.92 
DH-30-17 1.55 0.21 7.01 9.16 1.03 50.79 38.30 53.43 
DH-31-16 1.55 0.23 6.91 4.81 0.50 21.18 19.88 39.80 
DH-32-15 1.53 0.16 7.04 0.64 1.08 3.89 2.60 4.31 
DH-36-16 1.52 0.19 6.58 2.77 0.83 18.21 11.42 17.32 
DH-37-18 1.32 0.26 7.92 1.50 1.07 5.99 5.47 9.26 
DH-38-19 1.24 0.20 8.07 2.06 0.92 10.61 7.15 12.70 
DH-39-19 1.31 0.16 8.20 3.44 1.06 21.69 12.46 26.19 
DH-40-18 1.42 0.17 7.79 4.27 1.11 25.37 16.52 33.31 
DH-41-18 1.48 0.20 7.83 1.64 0.93 8.98 6.48 10.57 
DH-47-15 1.45 0.15 7.27 1.69 0.33 12.11 6.17 9.63 
DH-48-15 1.46 0.18 7.13 3.65 0.88 21.05 14.13 28.28 
DH-49-15 1.49 0.19 7.26 2.38 1.41 14.08 9.54 13.58 
DH-50-20 1.37 0.20 8.04 2.41 1.29 11.76 8.92 20.06 
MSEA-3-17 1.71 0.10 7.07 1.12 1.04 10.74 4.92 9.93 
MSEA-6-17 1.54 0.18 7.55 1.35 1.29 7.23 5.45 9.33 
Rosenau-17-19 1.45 0.16 8.07 2.08 0.89 11.55 7.84 14.38 
RS-1-20 1.34 0.18 7.81 2.14 0.57 12.51 7.48 15.34 
RS6-17 1.61 0.15 8.25 2.70 1.41 18.03 11.37 21.61 
RS8-17 1.48 0.22 7.30 0.82 1.40 3.78 3.32 7.48 
RS9-17 1.39 0.18 7.29 7.66 1.02 43.88 29.73 58.78 
Average* 1.46 0.18 7.43 4.45 1.13 26.90 17.68 32.04 
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2.5.1 Comparison of stored N between pivot and furrow irrigated fields 
Irrigation water use plays a significant factor in NO3-N leaching in the vadose zone. 
Furrow irrigation, commonly referred to as gravity irrigation, uses a large pipe connected 
to a well to flood rows down the length of a tract of a field to irrigate crops. Larger water 
volumes are used to ensure that water reaches the end of the field, furrow irrigation has a 
higher potential to leach the highly soluble nitrate anions past the root zone. Pivot 
irrigation uses less water applied through sprinklers attached to a long series of spans. 
Using pivot irrigation allows producers to focus on deficit irrigation, making it easier to 
apply the amount of water that a crop needs, while not putting excess stress on 
groundwater resources. With the less water input from pivot irrigation, nitrate is more 
likely to stay in the root zone where it can still be used for crop growth.  
A reduction in the amounts of irrigation water applied each year likely leads to a 
slower transport rate and a higher mean residence time of leached NO3N.  Previous 
studies of the CPNRD have shown that when 15% of producers in a given area switched 
to pivot irrigation, groundwater nitrate levels also appeared to decline6.  Once past the 
root zone, leached nitrate will generally move with recharge water and ultimately reach 
the water table.  This shows that a large part of nitrogen management is water 
management6.  For this project, both soil and pore water NO3-N values were lower in 
pivot irrigated fields versus gravity irrigated fields. 
A recent study from western Nebraska compared the residual soil NO3-N 
concentrations of a root zone profile using both pivot and furrow irrigation methods at the 
end of a growing season. In Figure 16, end-of-season soil nitrate under pivot irrigation is 
represented by profile A and furrow irrigation if represented by profile B. This shows that 
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under pivot irrigation, most residual NO3N remains in the top of the profile where it can 
be available for the crop. Under furrow irrigation, much of the NO3-N is leached to the 
bottom of the profile and slowly becomes unavailable to the crop.  
The deeper vadose zone shows evidence of higher leaching under furrow -irrigated 
fields. An average NO3-N concentration of all samples under furrow for this study is 4.33 
µg/g (σ=3.87; n=176). The average NO3-N concentration of all samples under pivot 
irrigation is 3.42 µg/g (σ=5.32; n=674). These statistics show that on average, there is 
more NO3-N accumulates beneath fields that are under furrow irrigation and eventually is 
transported to the water table. An earlier investigation at the MSEA sites found a similar 
trend between furrow and sprinkler irrigation that was followed up by a statistical 
comparison of groundwater nitrate concentrations and use of pivot irrigation in the 
Central Platte Natural Resources District.  
 
Figure 16. A scenario representing a comparison of NO3-N concentrations at three 
different depth intervals for pivot (A) versus gravity (B) irrigation methods at the 
end of growing a season, from Hergert and Shapiro, 2015. 
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2.5.2 Sediment Hydraulic Conductivity 
Saturated hydraulic conductivity values are both affected by soil and fluid properties.  
In the soil, there are a few factors that directly affect Ksat.  First, the total porosity plays a 
major factor.  If the soil has a high porosity, it will allow for a higher water flux.  
Inversely, if the soil is compacted and has low porosity, the water flux will be low.  
Another important factor is the tortuosity of the pore space, or the amount of twisting and 
bending the path of water must take.  If a soil has low tortuosity, the flux will be higher 
than with high tortuosity.  In this experiment, the fluid properties, water, are considered 
constant.   
In this study, three samples were selected for measurement of hydraulic conductivity 
for use in future nitrate transport simulation. Intact sections from two cores were tested 
for Ksat (Table 8).  DH-19 was sampled at a depth of 30’ and DH-47 was sampled from 
29’ and 63.3’.  All three samples had a soil texture that comprised of sandy loam which 
could be expected to have relatively high permeability.  Despite all samples having the 
same textural description, the Ksat values all vary considerably. The variance can be 
accounted for due to soil properties beyond texture such as porosity and tortuosity. 
Measurement of the section of core DH-47 at 63.3’ indicates much lower Ksat value than 
at 29’, possibly due to factors such as compaction.  These measurements indicate that at 
full saturation, water could be transmitted at rates 0.847 m/day, 1.55 m/day, and 0.00624 
m/day for DH-19 30’, DH-47 29’, and DH-47 63.3’, respectively.  The variation in Ksat 
values suggests that despite having the same textural class, other factors affect the Ksat 
values and ultimately, the transport times.  However, as this is a measurement of 
saturated flow, the transport rate would be slower in an unsaturated soil due to capillary 
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effects of water in soil.  In unsaturated flow, moisture content from above would have to 
be transported down the profile in order to displace the pore water to continue leaching. 
Table 8. Measured saturated hydraulic conductivity values. 
Core ID Sample Depth (ft) Textural Class Ksat (m/hour) Ksat (m/day) 
DH-19 30 Sandy Loam 0.0353 0.847 
DH-47 29 Sandy Loam 0.0646 1.55 
DH-47 63.3 Sandy Loam 0.00026 .00624 
2.6 Quality Assurance Objectives 
Quality assurance (QA) methods were conducted on all laboratory analyses. For 
nitrate and ammonia extraction there were four QA samples analyzed for roughly every 
25 samples. These consisted of a replicate, a soil standard, a laboratory fortified blank 
(LFB), and a laboratory reagent blank (LRB). These protocols are used to help 
standardize and ensure proper functioning of laboratory methods and analytical 
instruments. A replicate is extracting one sample twice to ensure that the NO3-N and 
NH4-N concentrations are close. The standard soil has an unknown concentration, but it 
is compared to every QA standard to ensure they have similar concentrations. An LFB is 
the carrier, potassium chloride, spiked with a known concentration of NO3-N and NH4-
N. An LRB is the carrier without a spike, which should read zero. If QA protocol was not 
measured within the acceptable range, samples were reextracted with new QA until data 






This study was conducted primarily to compare vadose zone nitrate occurrence with 
previously sampled locations to determine whether land use practices have affected 
nitrate levels over the last 30 years.  Twenty-seven cores were collected from across five 
counties in the CPNRD.  Cores were divided into subsamples and analyzed for numerous 
chemical and physical characteristics, such as: gravimetric moisture content, bulk 
density, texture analysis, pH, NO3-N, and NH4-N.  These data were then used for 
calculated analyses, such as lbs-N/acre, lbs-N/acre-ft, and pore water NO3-N.  Select 
samples were further analyzed for particle analysis and Ksat samples.   
Of the 4 different groundwater quality control phases, Phase 1, Phase 2 and Phase 3 
were sampled and evaluated.  Sandy soils along the Platte River generally comprise of 
the elevated phase levels, due to the larger sediment size, higher infiltration rates, and 
shallow water table.  In this study, the water table ranged from a depth of 20’ to over 
149’, with the two Phase 3 sites consisting of the 20’ water table and sandy subsoil.  
Average NO3-N samples ranged from 0.82-25.5 µg/g, with the pore water equivalent 
between 3.78-186 mg-N/L.  Spikes of nitrate-N concentrations in the vadose zone were 
evident at core locations DH-19, DH-20, DH-21, DH-28, DH-30, DH-39, DH-50, 
Rosenau, and RS-9. Ammonia-N concentrations in the vadose zone were variable across 
the area averaging 0.33 to 2.89 µg/g NH4-N.  NH4-N concentrations were generally lower 
than NO3-N, but there were a few samples where NH4-N was higher. A 20-year average 
of reported ground water data from the Nebraska Clearinghouse Database was used to 
analyze average well NO3-N concentrations in the 3 different ground water quality 
phases.  Phase 1 wells had an average of 4.02 mg/L, phase 2 wells had an average of 13.4 
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mg/L, and phase 3 wells had an average of 19 mg/L (Table 2).  The corresponding soil 
nitrate-N concentration average for phase 1 sites is 3.41 ug/g, 14.8 ug/g for phase 2, and 
1.23 ug/g for phase 3.  Average NO3-N concentrations for MSEA-3 and MSEA-6 sites 
are a lot lower than the phase 2 sites.  This is due to a shallow water table, 20’, and a 
lower sample size, n=22.  This shallow water table and small sample size lead to a lower 
concentration because the nitrate doesn’t have as much depth to accumulate before it 
reaches the water table and stratifies.  The phase 3 land that was sampled in this project is 
likely designated as such due to the very shallow water table and high sand content. 
Porewater NO3-N showed a wide range of values, inversely correlated to gravimetric 
moisture content and positively correlated with sediment NO3-N.  Samples with low 
moisture content generally had higher concentrations of pore water NO3-N but no 
correlation was found between moisture content and nitrate.  Of these twenty-seven 
cores, five were taken from locations with gravity irrigation, while the remaining 22 were 
taken from locations with pivot irrigation.  In this study, supported by other published 
reports, the data suggests that locations with pivot irrigation have less nitrate storage in 
the vadose zone.  Irrigation management plays a large roll in nitrogen management. 
Overall, the mass of stored vadose zone nitrogen appears to be declining in the 
CPNRD, but it is still high relative to other vadose zone cores from throughout Nebraska.  
Repeat coring at the sites that have been sampled in 5-7 years may be useful for 
determining nitrate transport rates and evaluating changes in nitrogen storage in the 
vadose zone at these locations. Stable isotope analysis of selected samples in the vadose 
zone would be able to identify sources of nitrate at locations with high stored vadose 
nitrate. Determination of leachable geogenic trace elements such as arsenic and uranium 
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may also be helpful parameters to investigate as it is becoming an increasing problem 
across the state. A more in-depth study of the vadose zone at location DH-19 on the cause 
of the very high NO3-N concentration should also be conducted in order to determine the 
anomalous amount of nitrogen that was found in the vadose zone.  Repeat coring at this 
location and taking additional cores throughout the field would help identify if this large 




3. Evaluation of Nitrogen Transformation Potential In the Vadose Zone 
Upon completion of the Central Platte Natural Resource District nitrate study, the 
occurrence of elevated concentrations of ammonium was investigated through a literature 
review showed gaps in the potential sources and processes.  Important factors included 
trends in nitrogen use, nitrogen and carbon cycling in both the root zone and the vadose 
zone, and a look at other potential pathways to convert nitrate to ammonium.  A deeper 
review of the literature helped narrow down the scope of this research and determine 
experiments required to find potential sources of this high ammonium content. 
3.1 Literature Review 
3.1.1 Trends in Nitrogen Use 
 Inorganic nitrogen is a macronutrient required for plant growth.  Nitrate-N and 
ammonium-N are the only two forms of nitrogen that can be utilized by crops from the 
soil (Adelman et al., 1985). This necessity paired with the large agricultural industry in 
Nebraska shows why it has been so widely applied.  Current levels of harvest yields, 
relative to historic yields, are only possible with the addition of nitrogen fertilizers 
(Adelman et al., 1985; Exner et al., 2014), which are needed to feed the growing 
population of the planet (Burow et al., 2010; Cao et al., 2018).   
In soil, nitrogen can be found in both organic and inorganic forms.  Inorganic 
forms are gaseous nitrogen (N2), nitric oxide (NO), nitrous oxide (N2O), nitrite (NO2
-), 
nitrate (NO3
-), and ammonium (NH4
+) (Bremner, 1965; Hergert & Shapiro, 2015).  
Organic forms of nitrogen are generally derived from organic matter, such as animal 
waste and crop residue, and as amino acids and urea, which are broken down and 
50 
 
incorporated by microbes (Hergert & Shapiro, 2015).  Organic nitrogen in soil occur in 
forms that include ammonia (NH3) and living cell components, such as amino acids, 
amines, proteins, peptides, and the bases of nucleic acids (Di & Cameron, 2002; Hergert 
& Shapiro, 2015).  These different forms are cycled through biogeochemical processes.  
The nitrogen cycle in soils can play a role in both the potential loss to leaching, 
volatilization, and an increase of net storage through immobilization (Bouwman et al., 
2002).   
 
Figure 17. Diagram from Di & Cameron (2002) showing the soil nitrogen cycle, but 
not including dissimilatory nitrate reduction to ammonium (DNRA). 
The nitrogen cycle begins as N enters the soil.  Soil nitrogen input can be derived 
from atmospheric deposition, nitrogen fixation, rock weathering, and as a fertilizer 
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addition (Figure 17)(Houlton et al., 2018).  Nitrogen fertilizers are commonly applied to 
the field in the forms of manure/urea (CO(NH2)2), anhydrous ammonia (NH3), or 
ammonium nitrate (NH4NO3).  If the fertilizer is applied as anhydrous ammonia, a 
portion of it can be lost to the atmosphere as a gas through volatilization, and the 
remaining balance is converted to ammonium through hydrolysis (Bremner, 1965). 
Nitrogen can also enter the soil system via nitrogen fixation, when microbes convert 
atmospheric nitrogen into ammonia as microbes oxidize carbohydrates to gain energy 
(Denk et al., 2016; Hergert & Shapiro, 2015).  This natural  biological fixation occurs in 
both legume associated rhizobium and free-living microbes (Hergert & Shapiro, 2015).  
This biologically fixed nitrogen transforms into a more immobile form of plant or 
microbial biomass (Adelman et al., 1985; Denk et al., 2016).  As this biologically fixed 
nitrogen decays from cell death or plant decomposition, it will end up associated within 
the soil organic matter pool (Denk et al., 2016). 
Some microbes will mineralize ammonia into the inorganic and immobile form of 
ammonium.  Ammonium can be used by microbes for energy in the process of 
nitrification.  During nitrification, ammonium is oxidized into either hydroxylamine 
(NH2OH) to nitrite, or directly to nitrite by ammonia-oxidizing microorganisms.  Nitrite-
oxidizing bacteria microbes complete the oxidation reaction converting nitrite to nitrate 
(Denk et al., 2016; Heil et al., 2016).  At high pH values (pka 9.3), ammonium is 
converted to ammonia and potentially volatilize into the atmosphere (Denk et al., 2016).  
Both nitrate and ammonium can be taken up by plants and cycled back through the 
process, but ammonium is more easily assimilated by plants due to a higher energy 
consumption associated with nitrate reduction (Lu et al., 2013; Smirnoff & Steward, 
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1985).  Nitrate can be lost to both groundwater, via leaching through the root and vadose 
zone, or into the atmosphere through denitrification (Adelman et al., 1985).  
Denitrification is the process of nitrate used as an electron acceptor instead of oxygen in 
anoxic conditions, and being reduced to nitrite, nitric oxide, nitrogen dioxide, and 
dinitrogen, stepwise (Denk et al., 2016). 
 
Figure 18. A figure from Xin et al. (2019) showing the major N transformation 
pathways and transformation rates (μg-N g-1 d-1) including DNRA. 
A lesser studied, but critical, pathway for nitrogen in soil is by dissimilatory nitrate 
reduction to ammonium (DNRA) (Figure 18) (Denk et al., 2016; Putz et al., 2018).  
DNRA is a microbial mediated dissimilatory process that converts nitrate into less 
mobile, but biologically available ammonium that can be assimilated into cellular 
constituents (Burgin & Hamilton, 2007).  In DNRA, nitrate is first reduced to nitrite, then 
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hydroxylamine as an intermediate product, and then further reduced to ammonium (Denk 
et al., 2016).  In this reaction, DNRA transfers eight electrons per mole of nitrate, while 
denitrification transfers five, resulting in the conclusion that DNRA is favored in 
environments with higher ratio of labile carbon to nitrate (Fazzolari et al., 1998; Lu et al., 
2013).   
Researchers disagree if the process is fermentative or respiratory, but they are 
theoretically mutually exclusive (Burgin & Hamilton, 2007; Lu et al., 2013; Tiedje, 
1988).  This process is dependent on both microbial conditions as well as soil conditions, 
such as a necessity of a high labile carbon content environment for fermentation, and low 
carbon-limited environments for respiratory denitrification (Burgin & Hamilton, 2007; 
Lu et al., 2013).  One study that assessed the distribution, transformation, and budget of 
nitrogen in the vadose zone noted the difficulty determining the rate of DNRA using 15N 
tracing incubation due to high background rates of dinitrogen gas, but noted that the 
potential rates and contributions of different nitrate reduction pathways can still be 
conducted using a slurry-based 15N tracing method (Xin et al., 2019).   
3.1.2 Root Zone Nitrogen and Carbon 
Most of the research on soil carbon and nitrogen focuses within the root zone, as 
deeper sampling and experimentation adds another dimension of difficulty to the studies 
(Jones et al., 2018).  Soil carbon and nitrogen cycles overlap the most within the root 
zone.  Microbes break down and convert different organic compounds, assimilating both 
carbon and nitrogen, before ultimately releasing the elements back into the environment.  
Soil nitrogen transformations in the root zone are subject to different processes that 
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depend on several factors including pH, temperature, soil organic matter (SOM), and the 
presence of microbes (Kadyampakeni et al., 2018).  
Nitrogen transformation in soil is strongly controlled by pH, but also have the 
potential to effect pH depending on the form of nitrogen.  The optimum pH for the 
nitrification process, where ammonium is converted to nitrate, ranges from 6.5-8, and is 
significantly decreased at pH <6 or >8.5 (Buss et al., 2004).  This process is a major 
source of soil acidity (G.P. Robertson & Groffman, 2015).  Other research shows that 
DNRA and mineralization occurred in two soils with different pH levels, a neutral site 
(pH 6.2) and an alkaline site (pH 82.), but was negligible in an acidic (pH 4.7) soil 
(Zhang et al., 2015).  However, SOM is able to act as a buffer for pH. 
Organic matter carbon as well as nitrogen are most crucial as a substrate for 
microorganisms and enters the soil in many forms.  First, plants contribute a great deal of 
carbon from litter decomposition.  Isotope analysis has shown that root derived carbon is 
found in soil and in microbial biomass in larger quantities than carbon derived from 
above ground sources, such as leaves and other litter (Schmidt et al., 2011).  Most of this 
organic carbon is retained in the surface soil (0-30 cm) and is stabilized against microbial 
decomposition by occlusion in aggregates and interactions with soil mineral compounds 
by aggregation (Schmidt et al., 2011).  Soil clay content is one of the factors known to 
play a role in stabilizing organic carbon due to the high specific surface area, cation 
exchange capacity, and ability to maintain soil moisture of clay sized particles 
(Rasmussen et al., 2018).  Other factors include the amount of extractable metals and the 
climate (Rasmussen et al., 2018). 
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Physical and chemical properties of the landscape also play a large role in carbon 
storage.  In soils, microaggregates, which are spatial units consisting of mineral particles 
and organic matter, are defined by a size smaller than 250 µm in diameter (Totsche et al., 
2018).  These microaggregates are able to withstand destructive forces that can break 
apart larger aggregates.  Due to their stability, microaggregates can sustain in soils for 
decades (Totsche et al., 2018).  These microaggregates stabilize soil organic matter and 
increase residence time by allowing for an increase in interactions between the mineral 
surfaces of soil particles and the organic matter. 
The climate conditions that affect carbon storage in the root zone are mainly 
temperature and water content (Rasmussen et al., 2018; Wiesmeier et al., 2019).  In soil, 
moisture drives plant production and with the addition of water through precipitation and 
irrigation, plants are able to grow and produce more biomass, increasing the litter at the 
end of its growth cycle.  Too much or too little water content can also reduce microbial 
activity and substrate mobility, leading to a higher accumulation of organic matter 
(Wiesmeier et al., 2019).  Water is also a key factor in weathering soil parent material 
and creating freshly weathered mineral surfaces that can help stabilize organic carbon 
(Wiesmeier et al., 2019).   
Temperature also plays a large factor in decomposition of the soil organic matter.  At 
cooler and drier conditions, microbial activity decreases decomposition on soil organic 
matter, therefor, at higher temperatures and higher moisture, there would be less organic 
matter present, as decomposition would be occurring more readily (Wiesmeier et al., 
2019).  In soils, studies have shown that changes in soil temperature and temperature 
gradients were highest in the top one meter of the profile, with the variations decreasing 
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with depth (Zheng et al., 2020).  Conversely, seasonal microbial variations increase with 
depth (Cannavo et al., 2004).  In winter, as the freezing front increases, it changes the soil 
matric potential near the frozen boundary and spurs the soil water to flow towards the 
front, increasing moisture content at the frozen boundary.  This change in water 
movement has implications on the seasonal variation of both nitrate and carbon transport 
through the root zone. 
Total organic carbon (TOC) is the total amount of organic carbon in soil that can be 
described as a complex mixture of organic residues in different stages of decay (Miltner 
et al., 2012).  Sources of TOC include soil fauna, plant biomass, both above and below-
ground, but primarily from root mass, root exudates, and microorganisms.  At the soil 
surface, plant derivatives and compounds are more abundant sources of carbon than 
microbial components.  However, as depth increases, this relationship becomes inverse 
(Kaiser & Kalbitz, 2012). These different SOM compartments have a wide range of mean 
residence times, ranging from less than one year to well over one thousand years 
(Schmidt et al., 2011).  On the higher end of this time scale, SOM can be stabilized by 
two processes, which include physical stabilization and chemical stabilization (Mikutta et 
al., 2006).  Physical protection relies on the formation of aggregates and protection from 
occluded organic matter and chemical protection occurs when the organic matter interacts 
with mineral surfaces (Marschner et al., 2008). 
As SOM continues to decay, it will be converted to different fractions.  Starting with 
plant material, microbes will decompose it into smaller, less complex molecules.  These 
consist of DNA/RNA, lipids, proteins, cellulose, hemi-cellulose, and lignin (Miltner et 
al., 2012).  From this point, these compounds can either be further degraded and reduced 
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in size by microbes, or they can be converted into microbial biomass.  As the microbes 
die, the cellular and cell wall components become SOM and are prone to further 
decomposition.  As this SOM decays, the original carbon sources can be identified by the 
stable carbon isotope composition of organic carbon (13C-OC). 
The stable 13C is measured as a ratio of 13C:12C (i.e. δ13C) and is reported in parts per 
thousand (‰).  In the natural environment, 13C accounts for roughly 1.11% of the total 
carbon composition, while 12C accounts for nearly 98.89%, and 14C accounts for 10-10%.  
As 13C is a heavier isotope than 12C, both plants and microbes discriminate against 13C, as 
it requires more energy to process and assimilate the heavier isotope (Boström et al., 
2007).  For plants, C3 type plants discriminate stronger against 
13C, than C4 plants.  This 
natural discrimination allows for a type of tracer for the source of carbon, based on its 
δ13C signature (Marschner et al., 2008).  Examples of C3 plants include small seeded 
cereal crops, such as soybeans and wheat.  Examples of C4 plants include broadleaf 
plants, such as grasses and corn.   
As a tracer, δ13C of organic carbon can be help to differentiate the original source of 
the carbon.  δ13C-OC values between -22 to -32‰ are typical for C3 plants, while δ
13C-
OC  values between -10 to -16‰ represent C4 plants (Boström et al., 2007).  The less 
negative values show an enrichment of 13C-OC relative to 12C.  As a tracer, less negative 
values tend to occur in carbon sources derived from a C4 plant.  Another potential source 
of a higher δ13C-OC composition can come from microbial decomposition (Boström et 
al., 2007).  As microbes also discriminate against the heavier 13C in favor of 12C, in areas 
where there are elevated δ13C, it could also be a sign of microbial decomposition 
occurring.   
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Dissolved organic matter (DOM) is a very fine portion of microbially derived, 
heavily degraded SOM.  DOM accounts for a very small proportion of SOM (1-3%), but 
it is highly reactive, very mobile, and has a high ecological relevance (Kaiser & Kalbitz, 
2012).  DOM is generally considered to be within the size range of 0.22-0.7 µm in size, 
but for this thesis, DOM is considered to be <0.45μm.  This size makes it too small to be 
filtered out of a pore water sample.  As DOM percolates down the profile, it can become 
adsorbed and precipitate with clay minerals.  At the soil surface, DOM is generally 
associated with plant derived compounds, but this decreases with depth.  Inversely, 
deeper DOM is associated more with microbial compounds than with plant derived 
(Kaiser & Kalbitz, 2012).  In oxygen limiting conditions, decomposition of DOM would 
decrease decomposition of this labile carbon source, but not slow transport.  Preferential 
flow pathways play a large role in direct transfer of DOM past the top layers of soil.   
Nitrate in soil can be taken up by crops or become lost to the plant by leaching 
through the soil, into the vadose zone, and ultimately contaminate the ground water.  
Carbon is also able to follow this leaching pathway and enter the intermediate vadose 
zone.   Much of this nitrogen and carbon cycling in soil occurs via microbial processes 
(Denk et al., 2016; Rees et al., 1995).  A vast majority of research has been done to study 
microbial processes in the surface soil and wastewater effluent systems, but little research 
has been done in the deeper sediments of the vadose zone (Buss et al., 2004; Holden & 
Fierer, 2005).   
3.1.3 Intermediate Vadose Zone Nitrogen and Carbon 
The vadose zone is comprised of the soil and sediments above the water table and 
below the land surface (Figure 4).  It acts as a natural filter, attenuating chemicals and 
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acting as a medium for reactions to take place (Keesstra et al., 2012).  The intermediate 
vadose zone occurs below the plant root zone and above the water table.  By studying the 
vadose zone, researchers can have an early detection for what they expect to ultimately 
reach the water table. 
Nitrate is capable of being readily leached through the profile (Rees et al., 1995).  As 
an anion, nitrate will not adsorb with the negatively charged clay particles and will move 
readily with soil water (Rees et al., 1995).  Ammonium, a cation, will have a slower 
transport as it will adsorb with the soil mineral phase through cation exchange (Cather et 
al., 2012; Di & Cameron, 2002; Fronczyk et al., 2016).  At neutral pH values typically 
found in soil, ammonium sorption is generally controlled by cation exchange pathways 
(Buss et al., 2004).  Mixed-layer clays generally adsorb more ammonium, followed by 
two-layer clays and single-layer clays, respectively (Buss et al., 2004). 
In the sediments of the vadose zone, there is also a potential for geogenic, or naturally 
occurring, nitrogen content found in rocks.  This lithospheric nitrogen pool is the largest 
terrestrial pool in the global nitrogen cycle (Holloway & Dahlgren, 2002).  This pool is 
relatively inactive when compared to other terrestrial pools, but undergoes different 
pathways to become introduced into the other more active pools.  Elevated nitrogen 
content can be found in nearly every type of rock.  In sedimentary rocks, this nitrogen 
content is generally accumulated form ancient basins where plants, soil, and microbes 
became trapped (Houlton et al., 2018).  The nitrogen can take on both organic and 
inorganic forms, but is most commonly found as ammonium where it is incorporated into 
the interlayers of minerals (Holloway et al., 1998). 
60 
 
The weathering of these nitrogen rich rocks can directly translate to elevated nitrogen 
content in terrestrial soils and surface waters as the rock becomes more weathered 
(Holloway et al., 1998; Houlton et al., 2018).  There is an area in the CPNRD that 
consists of some of this naturally occurring geogenic nitrate in southwestern and central 
Nebraska (Figure 19) (Boyce et al., 1976).  The weathering on these zones depends 
directly on the mineralogy of the parent material. 
 
Figure 19. Boyce et al. (1976) shows approximately where the geogenic nitrogen is 
found in a Pleistocene loess in the vadose zone. 
SOM is required to provide a source of carbon for microbes and helps provide a 
source of energy for other soil organisms (Loveland & Webb, 2003).  In the vadose zone, 
some form of carbon would be required if there was any form of microbial cycling. 
Studies have shown that there are high correlations between carbon content and microbial 
biomass across a range of soils (Holden & Fierer, 2005). 
3.1.4 Soil Water and Transport Dynamics 
 In the vadose zone, water content is one of the key factors affecting nitrogen 
dynamics, influencing permeability, diffusivity, and microbial activity (Mekala & Nambi, 
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2017).  In Nebraska cropland, this water primarily originates from both precipitation and 
irrigation practices.  Groundwater fed irrigation initially started in central Nebraska in the 
1930’s (Ferguson, 2015).  One of the two main irrigation methods is furrow irrigation, 
where the crop rows are mounded in a field covering a slight gradient.  These channels 
are then flooded, allowing the water to run down the rows and allow water to percolate 
into the soil.  Under furrow irrigation, more water is generally used to irrigate than the 
root zone can hold, resulting in nutrient leaching into the intermediate vadose zone 
(Hergert & Shapiro, 2015).   
The other method is center pivot irrigation, where a series of connected sprinklers 
pivot around a well and water the field.  This method allows for a greater focus on deficit 
Figure 20. This graph shows a comparison of average nitrate-N and pore water 
nitrate-N based on irrigation method from the 2016 Central Platte Natural 
Resource District study.  Note: Pivot n=674; Furrow n-176; DH-19 is not included 
in this comparison. 
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irrigation, where water is only added in the amount that the plant requires for growth.  
Center pivot irrigation should allow for relatively little percolation of water and result in 
fertilizer remaining plant available in the root zone (Hergert & Shapiro, 2015) as well as 
maintain aquifer saturation levels.  In the 2016 CPNRD study, the pivot irrigated fields 
showed both a lower nitrate-N and pore water nitrate-N concentrations than gravity 
irrigated fields (Figure 20). 
Preferential flow paths, such as natural cracks between soil aggregates and 
macropores from fauna or decaying roots, play a large part in acceleration of water and 
solute through the vadose zone (Garg et al., 2005; Jardine et al., 2006).  Preferential flow 
through macropores combined with the presence of relatively smaller micropores result 
in an unbalanced solute transport through the vadose zone (Garg et al., 2005).  A study 
conducted on soil macropores account for a mere 0.32% of the total void in finer textured 
surface soils, but can be responsible for up to 96% of the total water movement (Mohanty 
et al., 2015).  An implication of increased infiltration could be the potential for this 
increased flux allowing different solutes, such as ammonium, to bypass the electrostatic 
attraction that would normally bind ammonium to clay minerals or immobile organic 
matter.  Studies have found variable transport rates of nitrate are likely due to changing 
fertilizer application rates, methods of irrigation, sediment conductivity, and the 
processes that affect nitrate transformation (Di & Cameron, 2002). 
In addition to nitrate, DOM also has the ability to percolate through the vadose zone 
with infiltrating pore water.  As the solute moves down the soil profile carrying DOM, it 
has the potential to be adsorbed and chemically bound or complexed to soil mineral 
phases by different processes (Jardine et al., 2006).  The remaining DOM can be 
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transported down the profile or used up by microbes and other soil organisms and lost as 
CO2 gas (Holden & Fierer, 2005).   
As the solute is transported down the profile towards the groundwater, different 
lithological formations will allow for different permeability.  In the CPNRD, much of the 
surface soil is comprised of silt loam, but much of the subsurface consists of coarser sand 
materials with intermitted layers of clay.  These courser materials allow for a higher 
infiltration rate.  However, the clay layers can act as aquitards, disallowing water 
infiltration and creating a perched water table (Figure 1).  As water pools on top of these 
layers, lateral flow is possible.  Generally, in the vadose zone, this lateral flow is assumed 
to be negligible. 
These measurements of flux can be predicted using pressure plate experiments to 
measure hydraulic conductivity.  In the CPNRD study, three sandy loam samples from 
different depths at two locations were analyzed for saturated conductivity (Ksat) (Table 
8).  Ksat is a measured flux that is given in units of depth per time interval.  These Ksat 
values fluctuate based on the permeability of the sample.  Permeability can be lowered if 
there is compaction that occurs with the layer.  This could be from the weight of 
sediments above or from the time of deposition.  As this measurement is considered a 
completely saturated sample, the vadose zone flux would be lower than these values due 
to the capillary action of the pore water. 
3.1.5 Alternate Nitrogen Transformation Pathways 
Despite these nitrogen transformation processes potentially being microbial mediated 
DNRA, it is also possible that the process is entirely abiotic, or a combination of biotic 
and abiotic mechanisms involving sediment geochemistry.  If this were the case, the 
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results from the organic nitrogen and hot water extractable organic carbon (HWEOC) 
measurements, along with the future experimental plans, would only be telling part of the 
story.  As is, the experiments conducted in this thesis show promising results.  Some 
research claims that nitrogen will remain stable in an environment containing oxygen 
(Ottley et al., 1997).  As this study takes place in the vadose zone, there is almost always 
oxygen present.  However, at the high WFPS of the zones of interest, microbial 
processing in microsites is also a possibility. 
Some studies have found that hydrogen sulfide and free sulfide ions could potentially 
serve as electron donors in DNRA and abiotically reduce nitrate to ammonium (Lu et al., 
2013).  Another potential abiotic pathway is iron catalyzed nitrate reduction to 
ammonium.  In this pathway, with the presence of copper (II), nitrate becomes abiotically 
reduced to ammonium using iron as an electron donor (Ottley et al., 1997).  The 
experiment by Ottley et al. (1997) was conducted at a pH of 8.0 and a temperature of 
20°C.  This reaction is inhibited when oxygen is present, due to oxygen competing with 
nitrate for the iron electrons though temperature of pore water in the study area would be 
lower than the experimental conditions.  In the cores, the interval of interest has a WFPS 
of roughly 80% and 70-90% for DH-32 and DH-36, respectively. Although this soil is not 
fully saturated, this abiotic process can still occur because the soil does not need to be 
fully saturated for anerobic processes to occur. 
This research reviews and summarize the gaps in literature of potential sources of 
ammonium in the vadose zone.  In order to address this gap, investigations of trends in 
nitrogen use, root zone nitrogen and carbon, intermediate vadose zone nitrogen and 
carbon, water transport and dynamics, and alternate pathways were researched to create a 
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more complete picture of the processes that are potentially occurring on ammonium 
content in the vadose zone. 
3.2 Study Site Description 
3.2.1 Central Platte Natural Resource District  
This study is focused on two vadose zone core locations in the CPNRD from a project 
that included a total of 27 cores described in Chapter 2.  These cores are locations DH-32 
and DH-36. 
3.2.2 Vadose Core Location DH-32 
The DH-32 site is located in southern Hall County, south of Doniphan, NE.  This site 
is under pivot irrigation with a depth to water of 83’ in 2015 (Table 9). It is located in a 
Phase 2 groundwater management area.  The surface soil consists of Hastings Silt Loam 
with a surface slope of 1-3%.  This field is under a corn/soybean rotation.  This location 
has a very sandy vadose zone profile with potentially high transport rates. Elevated pore 
water nitrate concentrations generally occur beneath the crop root zone, where the nitrate 
concentrations are also high. Total vadose zone nitrate-N storage decreased for the same 
interval in this location by 519 lbs-N/Acre, from 680 lbs-N/acre in 1996 to 161 lbs-
N/acre in 2016 (Appendix 2).  This site has an average volumetric moisture content of 
0.224, which translates to an average water filled pore space (WFPS) of 57.6%.  The 
average pH is 7.04 with the range between 5.92 and 7.38.  The zone of interest for this 





Table 9.  Core information for DH-32 and DH-36 sites. 
 DH-32 DH-36 
Depth to Water (ft) 83 124.5 
Irrigation Method Pivot Pivot 
Soil Taxonomy Hastings Silt Loam Hastings Silt Loam 
Surface Slope (%) 1-3 1-3 
Crop Type Corn/Bean Rotation Corn/Bean Rotation 
Groundwater Control Phase Phase 2 Phase 1 
Longitude 40.738806 41.237247 
Latitude -97.533028 -99.491111 
 
3.2.3 Vadose Core Location DH-36 
Core DH-36 was collected in central Polk County, northeast of Osceola, NE.  The site 
is under a corn and bean rotation (Table 9).  In 2016, the depth to water at this location 
was 124.5’. It has been irrigated with pivots for 36 years, and uses no-till management. 
The producer reported that it receives an average of 180-200 lbs/acre of nitrogen on the 
corn, while years with soybeans do not receive N fertilizer application. In 1985, 1993, 
and 2008 the field received 10-12 tons/acre of poultry manure for fertilization. The 
surface soil is comprised of Hastings Silt Loam with a surface slope of 1-3%.  Increased 
clay and silt in the top half of the profile slows transport, though pore water nitrate is 
relatively high in the lower half of the core, partly due to low water content at this zone. 
Overall, there was a drop of total nitrogen by 1,539 lbs-N/acre (55%) from 2,799 lbs-
N/acre in 1996 to 1,260 lbs-N/acre in 2016 (Appendix 2).  This site was previously cored, 
but the data from the previous study is missing (CPNRD, personal communication).  This 
site has an average volumetric moisture content of 0.285, which translates to an average 
WFPS of 68.1%.  The pH ranged from 5.31-7.27 with an average value of 6.58.  The 
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zone of interest for this experiment in this profile ranges from 34’ to 39’, with an 
emphasis on 36.5’ and 39’. 
3.3 Methods 
Sample extracts are analyzed using the Lachat Quikchem methods (Diamond, 2003; 
Knepel, 2012), results were converted to concentration per mass of soil.  The results were 
graphed and analyzed using SigmaPlot 13.0 (Appendix 1).  Based upon the results, two 
sites, DH-32 and DH-36 showed zones at depth where ammonium was higher than nitrate 
and these cores were selected for further analyses.  The additional analyses selected was 
hot water extractable organic carbon (HWEOC), total organic carbon (TOC), carbon 
isotope composition of organic carbon (13C-OC) signature and Total Kjeldahl Nitrogen 
(TKN). 
HWEOC is measured by weighing out 5.0 grams of soil into a 50 mL centrifuge tube.  
50 mL of water is then added to the sample.  The sample is shaken vigorously for 30 
seconds to mix the soil and water.  The samples were then placed in a heated shaking 
water bath at 80°C for 90 minutes.  Once this was completed, the samples were allowed 
to cool down to room temperature before being put in a centrifuge at 2500 rpm for 10 
minutes, creating 2,935 relative centrifugal force, or g-force.  The sample solution was 
then filtered into a clean vial using a 0.45 μm glass microfiber syringe filter.  The 
samples are acidified with one drop of sulfuric acid for every 7 mL of sample, and then 
analyzed on an OI Corporation Model 1010 Carbon Analyzer.   
TKN is the determination of the organic nitrogen content in wastewaters and soil, by 
converting organic materials to ammonium.  This method utilizes the reagents copper 
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sulfate as a catalyst, sulfuric acid, and potassium sulfate.  If free ammonia is present, it 
will also be converted to ammonium.  In this method, 0.5 grams of oven dried soil are put 
in a reaction flask.  The reagents are added to the flask, along with 3 boiling chips per 
flask.  These boiling chips help add surface area to the reaction and allow for a more even 
boil. 
Reaction flasks are loaded onto the heating block and connected to the digestion 
block (Figure 21).  Samples were gradually heated to four different temperatures stepwise 
to allow for a slow boil.  This slow boil keeps the samples from boiling into the vacuum 
manifold and contaminating all of the samples.  Once the samples were completed on the 
heating block, they were allowed to cool slightly.  Samples were rinsed with distilled de-
ionized water (DDI) into 50 mL centrifuge tubes to a volume of 25mL.  The centrifuge 
tubes were allowed to cool to room temperature and then centrifuged at 2500 rpm for ten 
minutes.  After the samples had been centrifuged, they were taken out of the centrifuge 
tube with a transfer pipette and analyzed using Seal Analytical AQ2 method (Seal 
Analytical, 2012).  Similar to the Lachat, results were converted to account for the weight 
of soil sample used.  Graphical analysis was conducted with SigmaPlot 13.0. 
TOC and 13C-OC samples were prepped using an acid fumigation method to remove 
carbonate carbon from samples (Johnson et al., 2018).  This method calls for 200 mg of 
finely ground sample, but as the method is for sedimentary rock and the samples being 
analyzed were high carbon soil samples, samples were weighed out to approximately 50 
μg.  Samples were weighed out into a small tin capsule.  Capsules were left open in a 
sealed desiccator to fumigate with an open container of concentrated hydrochloric acid.  
Samples were fumigated for 6 hours.  After this fumigation process, the tin capsules were 
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carefully closed up and placed in a Carlo Erba NA-1500 elemental analyzer coupled to a 
GV2003 isotope ratio mass spectrometer (EA-IRMS), which measured both δ13C-OC and 
TOC by combustion. Calibration for both carbon content (%) and isotope composition 
(‰) used standards of known isotope composition (USGS 40,-26.39‰;USGS41 
+37.63‰;  IAEACH6, -10.45‰; and a working standard WSL Sucrose, -11.8‰). 
 
Figure 21. (Left to right) The heating block used with the TKN manifold; TKN 
samples being boiled down; and the resulting TKN extract. 
3.4 Results and Discussion 
3.4.1 Results for DH-32 
Full tabulated results of soil physical and chemical data for DH-32 can be found in 
Appendix 1 and Appendix 4.  For the current experiment, DH-32 has relatively low 
nitrate-N and ammonium-N concentrations compared to other locations throughout the 
CPNRD (Appendix 2).  At the surface of the profile, there are higher nitrate-N 
concentrations than there are further into the vadose zone.  This concentration drops off 
as depth increases from the root zone, showing that most of nitrate is utilized by plants or 
other removal mechanisms (Figure 23).  Further down in the profile there is a single spike 
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in nitrate-N at 63.2’.  The same pattern is true for ammonium-N in both the root zone and 
intermediate vadose zone.  The highest concentrations of both nitrate-N and ammonium-
N are both found at the uppermost sample, equaling 2.25 µg/g and 5.09 µg/g, respectively 
(Appendix 2).  At the depth of 63.2’, ammonium-N has the second highest concentration 
from the entire profile of 3.56 µg/g. 
 
Figure 22. This graph shows the relationship between ammonium and pH in the 
vadose zone at site DH-32. 
Organic values followed the same trend as nitrate-N and ammonium-N by having the 
largest concentration in the uppermost sample, but followed nitrate-N more closely in the 
top 30’ of the profile.  Similar to nitrate-N and ammonium-N, a large spike in organic 
nitrogen concentration equaling 686 µg/g can be seen at 63.2’ (Figure 22).  HWEOC has 
the highest concentration at a depth of 27.1’, but following the nitrogen trend, has another 
71 
 
high concentration at 63.2’.  TOC content follows the trend of HWEOC, with a 
noticeable peak at 63.2’.  At this depth, there is also an increase in δ13C at -22.2‰, 
showing a value similar to that found for C4 plants.  A ratio of HWEOC:TOC in this 
sample also show a very small ratio of the carbon present is dissolved.  
In this depth of interest, the sediment texture is a clay loam.  Due to the clay content, 
this sample has gravimetric and volumetric moisture contents higher than the averages, 
with values of 0.156 and 0.224, respectively (Figure 23, Table 10).  The porosity 
calculation shows that a total of 44.8% of the volume is pore space, which is slightly 
higher than the profile average of 42%.  However, this sample has a much higher WFPS 
of 78.4%.  In this sample above the zone of interest at 63’ the pH is 7.15, then drops to 
5.92 at 63.2’, before rising back to 7.11 at 65’.  
Table 10.  The average, minimum, and maximum values of soil properties for core 
DH-32 along with the values in the sample of interest, 63.2’.  There were 28 samples 
for the core DH-32 (n=28). 
 Average Minimum Maximum 63.2’ 
 NO3-N (ug/g) 0.64 0.13 2.25 0.99 
 NH4-N (ug/g) 1.08 0.55 5.09 3.56 
TKN (ug/g) 248 41 1395 689 
HWEOC (ug/g) 70 31 179 102 
TOC 1,549 220 8,330 5,270 
δ13C-OC -29.1 -34.6 18.0 -22.2 
ρb (g/ml) 1.53 1.09 2.26 1.46 
Ѳg 0.16 0.04 0.28 0.240 
θv 0.22 0.07 0.38 0.351 
Porosity 0.42 0.15 0.59 0.448 
WFPS 0.53 0.18 1.00 0.784 








Figure 23. DH-32 graphed results with potential N transformation zone highlighted in red.
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3.4.2 Results for DH-36 
Full tabulated results of soil physical and chemical data for DH-36 can be found in 
Appendix 1.  For the current experiment, DH-36 had higher nitrate-N concentrations than 
DH-32, but relatively low nitrate-N and ammonium-N concentrations compared to other 
locations throughout the CPNRD (Appendix 2).  Similar to most vadose zone profiles, 
there is a peak of nitrate-N at the surface samples contained in the root zone.  As the 
profile moves out of the root zone and into the intermediate vadose zone, there is a 
decrease in nitrate concentrations before slightly increasing to the zone of interest at 36.5’ 
(Figure 25).  Further down the profile, nitrate-N concentrations fluctuate with little 
similarity between other chemical properties.  The average nitrate-N concentration for the 
profile is 2.76 µg/g, with a minimum concentration of 0.26 µg/g at 36.5’ and a maximum 
of 7.08 at 96.5’ (Table 11). 
 




Ammonium-N in the root zone at DH-36 starts at a low concentration in the root zone 
and increases to a high concentration of 8.46 µg/g in the zone of interest.  This zone 
contains the two highest ammonium-N concentrations in the profile, 8.46 µg/g at 36.5’ 
and 7.23 µg/g at 39’.  Beyond the zone of interest, there are minimal ammonium-N 
concentrations.  Organic nitrogen concentrations follow the same pattern as ammonium-
N in this vadose zone profile.   
The two highest concentrations are found in the zone of interest with little to no 
organic nitrogen found below this interval.  HWEOC concentrations virtually mimic the 
organic nitrogen concentrations, with the expected exception of a higher concentration of 
HWEOC in the root zone.  TOC followed the same trend as HWEOC throughout the 
profile, with a higher concentration at the surface, then little carbon content until the large 
spike in the zone of interest at 36.5’, before dropping back to low concentrations (Figure 
25).  Similar to the samples in the zone of interest at 63.2’ at site DH-32, the samples in 
the zone of interest at 36.5’ at site DH-36 has a low ratio of HWEOC:TOC. 
The sediment texture in the zone of interest is loam.  This sample also has the highest 
gravimetric and volumetric moisture content, at 0.388 and 0.484, respectively.  The 
porosity of this sample is also higher than average and close to the maximum value found 
in the profile.  The WFPS is 91.4%, so it is nearly completely saturated.  The pH in this 





Table 11.  The average, minimum, and maximum values of soil properties from core 
DH-36 along with the sample of interest, 36.5’.  There were 47 samples at site DH-36 
(n=47). 
 Average Minimum Maximum 36.5’ 
 NO3-N (μg/g) 2.76 0.26 7.08 0.26 
 NH4-N (μg/g) 0.82 0.04 8.46 8.46 
TKN (μg/g) 232 1.85 2919 1302 
HWEOC (μg/g) 53.4 21.7 325 204 
TOC 3,038 220 48,200 25,600 
δ13C-OC -25.1 -32.0 -10.8 -27.4 
Ѳg 0.19 0.02 0.39 0.39 
ϴv 0.29 0.03 0.48 0.48 
Porosity 0.43 0.21 0.57 0.53 
WFPS 0.68 0.07 1.00 0.91 
pH Analysis 6.57 5.31 7.27 6.83 













These measurements show some interesting patterns within the zone of interest, at 
63.5’ at site DH-32 and at 36.2’ at site DH-36.  There are multiple pathways that convert 
nitrate to ammonium (Figure 26).  The samples examined in this study both show similar 
patterns and appear to follow the criteria for DNRA more closely than for iron catalyzed 
nitrate reduction to ammonium and for sulfur driven nitrate reduction. 
 
Figure 26. A figure from Burgin & Hamilton (2007) showing the different 
transformation pathways for nitrate. 
The pathway of iron catalyzed nitrate reduction to ammonium is generally considered 
to be a pathway found in groundwater (Ottley et al., 1997).  It is an abiotic pathway that 
takes place best at a pH of 4.  Experimental conditions in Ottley et al. (1997) used a pH 
range of 7-8.5 at 20°C.  These experimental parameters are closer to natural groundwater 
conditions, but the samples in this study are from the vadose zone where pH varies more 
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than groundwater.  This reaction requires anoxic conditions with the presence of reduced 
iron and may occur in the low carbon environment typical of groundwater ecosystems.  
This does not hold true for either location, where at 63.5’ at site DH-32 and at 36.2’ at 
site DH-36, there are spikes in both HWEOC and TOC.  This reaction is feasible, but it 
requires a metal catalyst, such as copper, tin, or silver (Ottley et al., 1997).  This pathway 
occurs along the time scale of months to years. 
The range of optimum pH value of 4 and the experimental pH range used by Ottley et 
al. (1997) lower than what is found in the samples, as well as the timescale of this 
reaction.  At site DH-32, the sample in the zone of interest has a pH close to 6, so as pH 
is reported in a log scale, the sample has 100x more H+ ions.  Similarly, at site DH-36, 
the sample in the zone of interest has a pH close to 7, which is 1000x higher H+ ions.  
However, as this reaction takes place in a low carbon environment, the high HWEOC 
concentration in this zone also hints at a different pathway.   
Another pathway for nitrate conversion to ammonium requires reduced sulfur (S-2 or 
S0).  This method is a biotic pathway that couples nitrate reduction to oxidation of 
reduced sulfur forms and elemental sulfur (Burgin & Hamilton, 2007).  This can be done 
by a variety of bacteria, many with internal storage structures to sequester nitrate and 
sulfur within them (Burgin & Hamilton, 2007).  This pathway is possible, but as this 
thesis did not investigate sulfur content, it cannot be concluded if this is a potential 
pathway.  However, sulfur is known to be converted to sulfuric acid in soils and lower the 
pH (Longstroth, 2012).  This is consistent with site DH-32, where the zone of interest has 
a large drop in pH for the sample at 63.2’.  That means that this could potentially be part 
of the pathway, but without analyzing samples for sulfide, it cannot be definitive.  
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One more potential pathway in the samples at 63.5’ at site DH-32 and at 36.2’ at site 
DH-36, could be microbial decomposition of a carbon rich layer.  As stated, this carbon 
content could have been in place at the time that the layer was buried.  This would lead to 
high TOC content, which both samples at 63.5’ at site DH-32 and at 36.2’ at site DH-36 
have.  As microbial decomposition occurs, microbes will respirate and release carbon 
dioxide, which will react with pore water and create carbonic acid.  This is a potential 
pathway at 63.5’ at site DH-32, where there is a carbon deposit, a low pH, higher 
moisture content, and a spike in δ13C.  This spike in δ13C could be an enrichment from 
microbes discriminating against the heavier 13C isotope.  At site DH-36 at 36.2’, there is a 
spike in HWEOC, TOC, and TKN concentrations, but δ13C is a slight increase compared 
to the samples above in the profile, so there is little enrichment from potential 
decomposition. 
Finally, DNRA is a biotic pathway for nitrate to convert to ammonium.  Little is 
known about the controls in the system or what management practices effect DNRA the 
most (Putz et al., 2018).  One factor that has been widely agreed upon is that DNRA takes 
place in a high carbon content environment with labile carbon being the main driving 
factor (Fazzolari et al., 1998; Friedl et al., 2018; Putz et al., 2018).  Systems with high 
carbon conservation management practices, such as ley farming, correlate with higher 
DNRA than soils that are planted solely with grains (Putz et al., 2018).  One study also 
claimed that DNRA is less sensitive than denitrification to oxygen inhibition (Fazzolari et 
al., 1998), meaning that it is possible for DNRA to occur in a sediment that is not fully 
saturated.  Another study claimed that redox potential might also play a high factor in 
DNRA (Friedl et al., 2018), but it was not definitive.  The process claimed by Friedl et al. 
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(2018) essentially stated that a soil that has high labile carbon availability drives 
heterotrophic respiration, reducing soil redox potential, and shifting consumption from 
denitrification to DNRA.  Experimental results from Friedl et al. (2018) show DNRA 
versus nitrification rates at different WFPS (Figure 27). 
Both DH-32 and DH-36 have high organic nitrogen concentrations in the zone of 
interest.  These concentrations show that there is a lot of organic nitrogen present that 
could likely be derived from microbes and microbial by-products, or potentially either 
produced in place or geogenic.  As carbon is the main driver in microbial respiration 
according to all of the cited literature, the HWEOC content is critical for the comparison 
of pathways.  The HWEOC content in both DH-32 and DH-36 is elevated compared to 
the intervals both above and below.  The WFPS is also high, which when comparing to 
experimental results in the literature (Friedl et al., 2018), a WFPS of 78.4% in a clay 
loam at DH-32 shows that the ratio of DNRA to nitrification should be roughly 50%, 
which has a higher proportion of nitrate going to denitrification than at lower WFPS.  At 
DH-36, the soil is a loam with a WFPS of 91.4%, which would have over 75% of the 
microbial activity being DNRA.   
If the pathway is truly fermentation, as some researchers claim it could be, the 
samples would need a high carbon content for the reaction to occur.  As soils become 
saturated, they become anaerobic, which is necessary for fermentation to take place.  
Both samples at 63.5’ at site DH-32 and at 36.2’ at site DH-36 have high WFPS.  
Fermentation reactions produce acids, dropping the pH, which is another potential cause 
of the drop in pH at 63.5’ at site DH-32.  As water is transported down the profile, WFPS 
will fluctuate, and potentially turn the process aerobic and away from fermentation.  This 
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could allow for nitrification to occur, converting the ammonium back to nitrate.  It is 
most likely that out of the processes named, DNRA is the main pathway converting 
nitrate to ammonium.  Further experimental data can help solidify this conclusion, such 
as a microbial assay. 
 
Figure 27. Friedl et al. (2018) shows their experimental results that compare water 
filled pore space with rates of dissimilatory nitrate reduction to ammonium and 
denitrification.  The top series is for a clay soil, the middle series is for a loam soil, 
and the bottom series is for a sandy clay loam soil. 
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3.4.4 Limitations  
Experimental limitations include evaluation of the initial processing of the soil 
cores.  When the soil cores were initially set out to thaw, there is a potential that some of 
the carbon content could have been lost as carbon dioxide (Holden & Fierer, 2005) or 
nitrogen lost as either nitrogen gas, nitric oxide, or nitrous oxide (Holden & Fierer, 2005; 
Wang et al., 2017).  Along with the processing, the HWEOC method utilizes a hot water 
bath, which could potentially denature proteins, resulting in artificially high 
measurements. 
3.4.5 Future Work 
As DNRA is not thoroughly understood in the subsurface environments, there are 
considerable avenues for future work.  This present experiment is not exempt.  Future 
work for this project could involve nitrogen isotopes and gene extraction for a microbial 
assay.  
Nitrogen isotope analysis to determine changes in natural abundance as a function of 
depth would provide insights into nitrogen cycling and potentially the source of the 
nitrogen at various depths.  Nucleic acid extraction from sediments to detect specific N 
transformations genes would also provide a clearer understanding of microbial processes 
in the vadose zone. The final experiments that could be conducted on these samples to 
determine if there are alternate pathways at work are sulfur, redox potential, and iron 
content analysis.  This would help determine if the other two pathways discussed are 




3.5 Summary and Conclusion 
There are multiple processes that act on nitrogen and carbon in the vadose zone.  
Considerable research on nitrogen cycling in soil environments focuses on the root zone 
with little attention paid to transformations in the deeper soils.  As the nitrogen cycles in 
the root zone, most ammonium and nitrate are taken up by crops and used to create 
biomass.  These crops go through their growth cycle and are harvested, leaving plant 
material behind to be decomposed and add to the soil organic matter in the root zone.  As 
nitrate is a highly soluble anion, it will not bind with clay minerals and will leach freely 
with soil water.  Inversely, ammonium, a cation, will mostly bind to clay minerals and 
not be readily transported with soil water. 
As carbon is further decomposed into a soluble fraction, it joins nitrate and is 
transported past the root zone with percolating soil water.  Upon entering the intermediate 
vadose zone, it is often assumed that there is little or no further conversions on these 
dissolved compounds until it reaches the groundwater.  However, there are different 
biogeochemical transformations that can utilize and convert these compounds.   
Noticeably large concentrations of ammonium-N in the deep vadose zone sparked 
investigation into its origin.  As ammonium is expected to be bound, percolating water 
should have little to no effect on transport.  However, in the same sample as the 
noticeable ammonium peak, there were patterns in the nitrate-N concentrations, 
instigating a literature review. 
There are multiple pathways that can convert nitrate to ammonium, but the data in 
this thesis supports DNRA for the sites that were investigated.  These alternate pathways 
include iron catalyzed nitrate reduction to ammonium, an abiotic pathway generally 
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occurring in the groundwater; nitrate conversion to ammonium using sulfide ions, which 
is a coupled biotic and abiotic pathway; and DNRA, which is a solely biotic 
transformation.   
Experimental data shows that in these zones of interest, there are high ammonium-N, 
organic nitrogen, TOC, and HWEOC concentrations.  In DH-32, there is also a small 
spike in nitrate-N concentrations, drop in pH, and δ13C enrichment hinting that there 
could be another pathway other than DNRA.  These data suggest that the pathway is 
microbial decomposition. In DH-36, there is a drop in nitrate-N concentrations in the 
zone of interest and a slight negative gradient in pH values in the zone of interest.  There 
does not appear to be any 13C loading from microbial decomposition of carbon.  Future 
analyses can help rule out alternate pathways and continue to build on the needed 
knowledge of nitrogen storage and transformations in the vadose zone. 
The hypothesis for this thesis is that agricultural production land that has been 
switched from gravity to pivot irrigation will slow solute movement and allow for more 
microbial processing to occur in the vadose zone, converting nitrate to ammonium.  This 
hypothesis is rejected for site DH-32, but supported by site DH-36.  This research began 
by investigating nitrate storage in the vadose zone and finding concentrations in the deep 
vadose zone.  The current literature focuses primarily on wastewater effluents when 
investigating ammonium in the vadose zone.  This research starts a new pathway of 
analyzing deep soil and sediment samples to find the potential source of the ammonium 
concentrations in the deep vadose zone.  A better understanding of the processes and 
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Appendix 1: Graphical Results from the 2016 CPNRD Vadose Study 
DH-19-16 
     
Depth to Water = 93.4’ 
Total NO3-N Storage = 8,863 lbs-N/acre 
Average Soil NO3-N = 25.48 µg/g 




   
Depth to Water = 59.8’ 
Total NO3-N Storage = 3,318 lbs-N/acre 
Average Soil NO3-N = 15.90 µg/g 





     
Depth to Water = 119.75’ 
Total NO3-N Storage = 2,175 lbs-N/acre 
Average Soil NO3-N = 4.60 µg/g 






Depth to Water = 113.5’ 
Total NO3-N Storage = 923 lbs-N/acre 
Average Soil NO3-N = 2.00 µg/g 





Depth to Water = 79.5’ 
Total NO3-N Storage = 503 lbs-N/acre 
Average Soil NO3-N = 1.87 µg/g 





Depth to Water = Refusal at 130’ 
Total NO3-N Storage = 2,357 lbs-N/acre 
Average Soil NO3-N = 4.79 µg/g 






Depth to Water = Refusal at 140’ 
Total NO3-N Storage = 3,938 lbs-N/acre 
Average Soil NO3-N = 7.15 µg/g 





Depth to Water = 71’ 
Total NO3-N Storage = 2,195 lbs-N/acre 
Average Soil NO3-N = 9.16 µg/g 





Depth to Water = 109’ 
Total NO3-N Storage = 2,293 lbs-N/acre 
Average Soil NO3-N = 4.81 µg/g 




     
Depth to Water = 83’ 
Total NO3-N Storage = 196 lbs-N/acre 
Average Soil NO3-N = 0.64 µg/g 




     
Depth to Water = 124.5’ 
Total NO3-N Storage = 1,255 lbs-N/acre 
Average Soil NO3-N = 2.77 µg/g 





Depth to Water = 47.9’ 
Total NO3-N Storage = 268 lbs-N/acre 
Average Soil NO3-N = 1.50 µg/g 




    
Depth to Water = 70’ 
Total NO3-N Storage = 462 lbs-N/acre 
Average Soil NO3-N = 2.06 µg/g 




     
Depth to Water = 108’ 
Total NO3-N Storage = 1,282 lbs-N/acre 
Average Soil NO3-N = 3.44 µg/g 




     
Depth to Water = Refusal at 80’ 
Total NO3-N Storage = 1,289 lbs-N/acre 
Average Soil NO3-N = 4.27 µg/g 




     
Depth to Water = 110.5’ 
Total NO3-N Storage = 620 lbs-N/acre 
Average Soil NO3-N = 1.64 µg/g 




     
Depth to Water = 85’ 
Total NO3-N Storage = 445 lbs-N/acre 
Average Soil NO3-N = 1.69 µg/g 




     
Depth to Water = 75’ 
Total NO3-N Storage = 1,070 lbs-N/acre 
Average Soil NO3-N = 3.65 µg/g 




     
Depth to Water = 69.9’ 
Total NO3-N Storage = 621 lbs-N/acre 
Average Soil NO3-N = 2.38 µg/g 




     
Depth to Water = Refusal 149’ 
Total NO3-N Storage = 1,222 lbs-N/acre 
Average Soil NO3-N = 2.41 µg/g 




     
Depth to Water = 20’ 
Total NO3-N Storage = 71 lbs-N/acre 
Average Soil NO3-N = 1.11 µg/g 




     
Depth to Water = 20’ 
Total NO3-N Storage = 88 lbs-N/acre 
Average Soil NO3-N = 1.35 µg/g 




     
Depth to Water = 110’ 
Total NO3-N Storage = 759 lbs-N/acre 
Average Soil NO3-N = 2.08 µg/g 




     
Depth to Water = 108’ 
Total NO3-N Storage = 777 lbs-N/acre 
Average Soil NO3-N = 2.14 µg/g 




     
Depth to Water = 120’ 
Total NO3-N Storage = 1,238 lbs-N/acre 
Average Soil NO3-N = 2.70 µg/g 




     
Depth to Water = 100’ 
Total NO3-N Storage = 297 lbs-N/acre 
Average Soil NO3-N = 0.82 µg/g 




     
Depth to Water = 115’ 
Total NO3-N Storage = 401 lbs-N/acre 
Average Soil NO3-N = 7.66 µg/g 


























-3.7 1.43 0.19 6.75 3.14 1.99 16.21 12.24 24.48 
-5 1.64 0.23 7.44 1.36 0.91 5.98 6.04 7.86 
-7.5 1.03 0.21 7.51 1.63 0.60 7.61 4.56 11.40 
-9.7 1.17 0.21 7.50 0.39 0.05 1.83 1.24 2.73 
-12.5 1.11 0.18 7.68 0.39 0.05 2.20 1.17 3.27 
-15 1.17 0.17 7.74 0.13 0.05 0.73 0.40 1.00 
-17.5 1.09 0.19 7.77 0.29 0.15 1.51 0.86 2.16 
-20 1.23 0.20 7.32 0.60 0.23 3.04 2.01 5.03 
-22.5 1.18 0.19 5.43 5.10 0.24 26.96 16.41 41.04 
-25 1.02 0.20 4.60 23.51 1.95 116.86 65.19 143.42 
-27.5 1.37 0.14 4.66 32.10 1.48 231.06 119.17 119.17 
-29.5 1.56 0.10 4.25 17.87 0.19 181.18 75.62 151.24 
-35 1.15 0.08 5.01 11.22 0.05 132.56 35.15 87.88 
-40 1.50 0.09 6.03 16.00 0.05 180.98 65.20 143.44 
-45 1.58 0.08 6.38 17.32 0.05 227.10 74.33 185.83 
-45.4 1.06 0.15 6.36 24.68 0.44 162.69 71.09 28.44 
-48 1.19 0.15 6.55 15.61 0.05 102.94 50.56 131.46 
-49.5 1.68 0.13 6.61 7.62 0.05 60.12 34.90 52.34 


























-1.5 1.68 0.19 5.46 1.66 1.17 8.50 7.55 11.32 
-2.5 1.93 0.23 7.24 1.22 0.05 5.40 6.39 6.39 
-52.5 1.41 0.20 6.44 9.89 0.14 48.98 37.89 37.89 
-55 1.67 0.20 6.40 10.87 0.55 54.09 49.46 123.64 
-57.5 1.25 0.19 6.45 15.28 0.27 80.24 52.09 130.23 
-59.4 1.42 0.23 6.41 25.37 0.37 111.76 97.95 186.11 
-60.7 1.72 0.20 6.45 45.13 1.68 225.23 211.39 274.81 
-63 1.84 0.10 7.01 35.14 3.39 364.40 175.94 87.97 
-65 1.97 0.25 6.91 60.02 4.56 240.08 321.83 643.66 
-70 1.88 0.05 6.56 19.68 0.90 398.70 100.74 251.85 
-75 1.69 0.09 6.60 40.62 0.78 434.75 186.89 467.22 
-78 1.39 0.23 6.46 75.80 1.00 335.77 286.72 716.80 
-80 1.70 0.18 6.68 84.19 1.36 457.97 389.92 779.84 
-80.5 1.30 0.21 6.74 76.43 1.80 370.37 270.71 135.36 
-82.5 1.22 0.21 6.78 74.85 1.59 355.64 248.82 497.65 
-84 1.27 0.17 6.59 60.54 0.69 350.15 209.36 314.04 
-85 1.62 0.09 6.71 30.03 0.55 328.43 132.42 132.42 
-88.8 1.24 0.16 6.53 47.70 1.20 290.93 160.36 208.47 
-90 1.69 0.06 6.68 21.03 0.18 346.77 96.58 115.90 





-7.5 1.42 0.23 7.12 5.37 0.05 23.67 20.73 10.37 
-10 1.50 0.26 7.13 8.26 0.05 32.34 33.62 84.05 
-15 1.70 0.25 4.62 8.69 0.53 34.83 40.23 80.46 
-17.5 1.35 0.29 4.00 7.09 2.09 24.17 25.94 12.97 
-20 1.28 0.29 4.20 9.71 4.23 33.71 33.81 84.54 
-22.5 0.83 0.25 4.34 9.06 6.14 36.14 20.55 51.39 
-25 1.25 0.30 4.36 10.67 11.47 35.75 36.32 90.81 
-27.5 0.98 0.27 4.37 8.86 8.71 33.32 23.69 59.22 
-30 1.35 0.22 4.47 7.85 9.91 34.89 28.79 71.98 
-32.5 0.96 0.18 4.74 9.20 7.07 50.03 24.05 60.13 
-35 1.27 0.14 5.13 6.22 4.82 42.98 21.41 53.54 
-37.5 1.04 0.10 5.65 7.87 3.41 78.49 22.19 55.47 
-40 1.52 0.16 6.67 6.43 1.78 40.17 26.50 66.25 
-42.5 1.38 0.16 7.01 14.60 1.69 92.64 54.73 136.83 
-44.5 1.81 0.18 7.17 18.56 0.05 103.77 91.38 182.76 
-47.5 1.54 0.19 7.06 21.02 1.92 113.06 88.01 264.04 
-49 1.32 0.19 6.92 30.81 0.53 160.01 110.82 166.22 
-50 1.61 0.08 6.91 16.52 0.05 217.66 72.33 72.33 
-54.3 1.99 0.11 6.88 23.37 0.39 216.50 126.56 227.80 
-55 1.77 0.20 6.85 41.39 1.07 206.07 198.99 139.30 
-58.7 1.17 0.17 6.79 65.90 2.17 386.97 209.59 461.09 






























-0.5 1.24 0.20 5.60 4.52 5.97 22.87 15.19 7.60 
-2 1.28 0.21 6.83 1.72 3.63 8.21 6.02 9.03 
-2.5 1.45 0.18 6.76 6.20 5.51 34.95 24.41 12.20 
-7.5 1.66 0.20 7.07 7.59 1.80 37.77 34.25 68.50 
-13 0.86 0.20 7.19 0.62 2.96 3.11 1.45 2.18 
-15 1.05 0.20 7.23 0.40 3.04 2.05 1.15 2.30 
-17.5 1.73 0.20 7.16 0.97 2.73 4.73 4.57 4.57 
-22.5 1.33 0.18 7.38 1.70 1.48 9.58 6.17 15.42 
-27.5 1.83 0.19 7.40 2.70 2.17 14.20 13.47 33.68 
-32.5 1.59 0.20 7.43 5.81 2.90 29.57 25.05 62.63 
-35 1.21 0.20 7.49 4.54 2.64 22.72 14.87 37.19 
-37.5 1.74 0.21 7.46 6.16 3.02 29.15 29.16 72.90 
-42 1.13 0.25 7.44 7.95 1.17 31.24 24.43 48.87 
-43.5 1.34 0.24 7.38 11.68 2.24 48.35 42.44 63.66 
-45 1.60 0.22 7.26 8.30 1.77 38.31 36.08 54.12 
-47.5 1.87 0.19 7.36 7.29 1.72 38.17 37.15 37.15 
-52.5 1.30 0.22 7.50 9.57 2.58 43.54 33.84 84.59 
-54 1.68 0.23 7.45 9.48 2.39 40.45 43.21 64.82 
-55 1.68 0.24 7.38 9.28 1.65 38.45 42.39 42.39 
-58 1.64 0.25 7.41 9.47 1.34 38.26 42.31 50.77 








-62.5 1.10 0.25 7.19 17.65 2.50 70.68 52.75 131.87 
-65 1.56 0.22 7.28 19.24 1.85 88.33 81.43 203.57 
-67.5 1.45 0.26 7.12 13.88 2.61 52.42 54.73 109.46 
-70 1.56 0.23 7.03 7.64 0.94 33.17 32.38 80.94 
-72.5 1.43 0.25 7.15 3.53 1.23 14.03 13.76 34.39 
-75 1.40 0.25 7.13 1.72 1.00 6.87 6.54 16.34 
-77.5 1.53 0.24 7.26 1.25 1.05 5.32 5.23 13.06 
-80 1.56 0.24 7.21 1.01 1.26 4.24 4.28 10.70 
-81.3 1.51 0.19 7.16 0.66 1.35 3.47 2.71 3.52 
-83 1.38 0.19 7.38 0.82 1.37 4.21 3.08 5.23 
-85 1.54 0.21 7.12 0.75 1.25 3.54 3.15 6.30 
-87.5 1.41 0.24 7.05 1.01 1.56 4.20 3.86 9.64 
-90 1.90 0.20 7.21 0.11 1.34 0.54 0.56 1.41 
-92.5 1.42 0.23 7.28 0.92 1.67 4.06 3.55 8.88 
-94.5 1.57 0.22 7.63 0.91 2.27 4.15 3.89 7.77 
-96 1.29 0.23 7.51 0.86 2.44 3.71 3.00 4.50 
-97 1.59 0.24 7.40 0.96 2.25 3.92 4.16 4.16 
-100 1.33 0.18 7.37 0.76 2.24 4.15 2.77 6.92 
-105 1.30 0.24 7.34 0.85 5.34 3.55 3.02 7.56 
-106 1.65 0.17 7.15 0.67 1.39 3.88 3.03 3.03 
-110 1.76 0.15 7.34 0.56 1.53 3.79 2.70 6.75 
-112 1.31 0.25 7.43 0.90 2.00 3.57 3.22 6.45 
-117.5 1.61 0.23 7.41 0.39 1.60 1.69 1.72 4.29 


























-2 1.56 0.23 6.03 7.07 4.06 31.08 29.98 59.95 
-7.5 1.39 0.25 7.18 5.38 1.39 21.60 20.39 50.98 
-11.5 1.45 0.23 7.18 4.49 0.97 19.51 17.76 26.65 
-17.5 1.47 0.22 7.38 1.41 0.85 6.43 5.65 14.14 
-22.5 1.49 0.22 7.52 0.84 0.89 3.79 3.39 8.48 
-27.5 1.22 0.25 7.84 1.43 0.81 5.79 4.75 11.87 
-30 1.35 0.26 7.81 1.70 1.04 6.53 6.26 15.65 
-31 1.57 0.26 7.64 1.51 1.11 5.81 6.44 6.44 
-33.5 1.38 0.27 7.66 1.81 1.33 6.84 6.80 17.01 
-37 1.47 0.23 7.49 1.50 1.33 6.58 5.97 11.94 
-39 1.31 0.19 7.70 1.19 1.01 6.20 4.22 6.32 
-41 1.68 0.17 7.66 1.22 0.85 7.02 5.58 11.17 
-42 1.68 0.15 7.68 1.02 0.88 6.88 4.66 4.66 
-46.5 1.30 0.22 7.56 1.49 1.18 6.84 5.27 7.91 
-50 1.63 0.19 7.64 1.74 1.44 9.01 7.69 19.23 
-52.5 1.74 0.16 7.71 1.40 1.34 9.02 6.63 3.31 
-55 1.86 0.19 7.63 1.28 1.08 6.84 6.50 16.25 
-57.5 1.96 0.11 7.52 0.75 0.68 7.03 4.00 10.00 
-62.5 1.99 0.07 7.70 0.71 0.74 9.71 3.84 7.67 
























-1 1.44 0.18 7.42 6.97 2.91 38.13 27.33 27.33 
-7 1.12 0.15 8.02 2.37 1.36 15.39 7.23 14.46 
-12 1.25 0.17 8.00 0.74 1.56 4.50 2.54 5.07 
-17.5 1.20 0.18 8.01 1.40 0.09 7.80 4.57 11.44 
-20 1.22 0.16 7.95 1.64 0.13 10.06 5.43 13.58 
-22.5 1.17 0.17 7.97 2.54 0.03 14.62 8.09 20.23 
-25 1.34 0.17 7.91 1.68 0.07 9.96 6.11 15.28 
-27.5 1.24 0.18 7.95 1.44 0.00 7.86 4.84 12.09 
-30 1.27 0.19 8.03 2.15 0.02 11.24 7.43 18.56 
-32.5 1.29 0.19 8.06 1.67 0.10 8.73 5.87 14.67 
-35 1.38 0.19 7.88 1.93 0.16 10.12 7.24 18.11 
-75 1.75 0.09 7.55 0.83 0.87 8.75 3.94 9.84 
-77.5 1.72 0.13 7.56 1.00 0.97 7.62 4.66 11.66 
-83.5 1.52 0.21 7.46 3.41 1.30 16.23 14.13 21.19 
-85 1.52 0.22 7.41 4.34 1.15 20.01 17.98 26.97 
-87.5 2.20 0.12 7.35 3.30 1.10 27.68 19.75 49.37 
-92.5 1.57 0.05 7.33 2.00 1.22 43.24 8.51 21.27 
-97 1.82 0.05 7.28 1.60 1.17 33.14 7.92 15.83 
-102 1.58 0.07 7.19 1.52 1.10 21.17 6.52 13.05 
-107 1.96 0.08 7.25 1.29 1.49 17.25 6.90 13.81 




-37.5 1.36 0.19 8.21 1.99 1.50 10.33 7.37 18.43 
-40 1.38 0.19 8.06 0.18 0.21 0.96 0.69 1.73 
-42.5 1.22 0.18 8.01 2.32 1.80 12.71 7.70 19.24 
-45 1.39 0.21 8.18 2.13 1.62 10.21 8.01 20.03 
-47.5 1.24 0.19 8.30 0.99 1.85 5.29 3.33 8.32 
-50 1.23 0.20 8.14 0.97 1.51 4.79 3.25 8.12 
-52.5 1.30 0.19 8.11 1.42 1.18 7.61 5.00 12.51 
-55 1.26 0.20 8.19 1.56 1.31 7.84 5.35 13.37 
-57.5 1.35 0.21 8.17 1.28 1.46 6.21 4.69 11.73 
-60 1.24 0.22 8.09 0.98 1.22 4.42 3.30 8.25 
-62.5 1.35 0.24 8.07 1.34 1.41 5.67 4.90 12.26 
-65 1.51 0.25 8.06 2.87 1.59 11.52 11.82 29.55 
-67 1.18 0.27 8.12 3.40 1.02 12.81 10.92 21.83 
-69 1.63 0.20 8.04 3.26 1.43 16.18 14.47 28.95 
-70 1.68 0.18 8.02 1.67 0.99 9.24 7.60 7.60 
-72.5 1.79 0.06 8.20 0.74 0.73 12.51 3.63 9.07 
-77 1.54 0.11 8.49 0.76 0.88 6.66 3.18 6.36 




















-1.5 1.28 0.23 6.36 9.13 2.63 39.23 31.80 47.70 
-3 1.71 0.22 6.94 6.48 2.52 29.88 30.19 45.29 
-7.5 1.46 0.17 7.47 4.62 1.89 26.82 18.29 45.72 




-13.5 1.37 0.17 7.74 13.93 2.02 84.31 51.85 103.71 
-17.5 1.41 0.17 7.71 15.56 1.90 90.11 59.70 149.26 
-22.5 1.37 0.17 7.96 8.67 1.04 52.11 32.24 80.60 
-25 1.09 0.14 8.22 6.66 1.42 46.33 19.76 49.40 
-27.5 1.49 0.16 8.04 4.77 1.24 30.51 19.31 48.28 
-32.5 1.37 0.16 7.95 3.89 1.30 23.84 14.51 36.28 
-35 1.56 0.16 7.95 3.75 1.27 23.63 15.90 39.76 
-37.5 1.70 0.16 7.92 4.11 1.21 26.01 18.94 47.35 
-42.5 1.17 0.16 7.33 5.98 1.02 36.52 19.08 47.70 
-45 1.13 0.17 7.62 5.52 0.85 31.77 16.99 42.49 
-47.5 1.63 0.15 7.72 4.41 0.39 30.27 19.53 48.82 
-52.5 1.32 0.16 7.63 4.44 0.71 28.14 15.92 39.81 
-55 1.39 0.14 7.86 4.77 0.71 35.16 17.96 44.90 
-57.5 1.54 0.14 7.73 5.15 0.38 36.72 21.57 53.94 
-62.5 1.23 0.19 7.63 8.77 0.30 47.31 29.25 73.13 
-65 1.50 0.17 7.74 9.73 0.36 56.04 39.70 99.24 
-66.5 1.46 0.21 7.70 10.18 0.47 48.46 40.39 60.59 
-71.5 1.34 0.17 7.70 7.48 0.69 43.44 27.17 40.76 
-73 1.29 0.17 7.72 5.77 0.74 33.22 20.21 30.31 
-74.5 1.52 0.16 7.69 3.82 0.41 24.33 15.80 23.70 
-75.3 1.68 0.16 7.84 4.54 0.74 28.20 20.79 16.63 
-77 1.68 0.15 7.93 3.36 0.22 22.89 15.34 26.07 
-82.5 1.53 0.17 7.49 2.51 1.34 15.18 10.46 26.14 
-85 1.83 0.18 7.54 2.37 0.88 12.87 11.79 29.47 
-87 1.68 0.08 7.64 1.62 0.68 20.11 7.40 14.79 








-93 1.64 0.08 7.93 1.00 0.62 12.46 4.45 8.89 
-96 1.56 0.13 7.65 1.26 0.82 9.61 5.37 5.37 
-98 1.63 0.18 7.74 0.92 0.27 5.08 4.09 8.18 
-102.5 1.36 0.17 7.75 1.05 0.39 6.30 3.91 9.77 
-105 1.91 0.17 7.85 0.89 0.29 5.32 4.63 11.58 
-107.5 1.71 0.17 7.76 1.01 0.66 6.06 4.70 11.74 
-111 1.59 0.13 7.98 0.60 0.37 4.55 2.61 2.61 
-113.5 1.60 0.13 7.98 0.69 0.37 5.38 2.99 7.48 
-117.5 1.89 0.17 7.86 1.00 0.55 5.84 5.15 12.88 
-121.5 1.48 0.14 7.47 1.11 0.50 8.01 4.44 6.66 
-124 1.24 0.12 7.85 1.13 0.55 9.49 3.79 9.48 



















-1 1.33 0.18 6.41 4.37 4.61 24.08 15.74 15.74 
-2 1.24 0.18 7.07 1.31 2.03 7.38 4.39 4.39 
-4 1.12 0.16 7.67 3.00 1.46 19.11 9.18 18.35 
-7 0.96 0.18 7.73 4.88 2.02 27.23 12.70 25.41 
-10.5 1.34 0.18 7.91 2.83 1.87 15.99 10.31 5.15 
-17.5 1.01 0.15 8.15 1.06 1.64 6.97 2.92 7.30 
-20 1.23 0.17 8.26 2.12 0.96 12.32 7.08 17.71 





-27.5 1.38 0.17 8.18 5.54 1.10 32.92 20.82 52.06 
-30 1.66 0.18 8.14 10.37 1.48 57.53 46.92 117.29 
-32.5 1.46 0.17 8.25 6.30 1.30 38.07 25.10 62.75 
-37.5 1.42 0.17 8.23 5.48 1.34 31.81 21.20 52.99 
-40 1.23 0.17 8.10 3.66 1.29 20.94 12.24 30.59 
-42 1.70 0.18 7.44 2.69 1.13 14.64 12.41 24.83 
-47.5 1.29 0.16 7.88 3.05 1.16 18.75 10.68 26.70 
-50 1.47 0.18 7.70 3.21 0.83 17.75 12.84 32.10 
-51.5 1.77 0.18 8.06 4.32 0.92 24.29 20.81 31.22 
-57.5 1.19 0.22 7.68 10.74 1.11 49.28 34.69 86.72 
-58.2 1.82 0.22 7.58 14.40 0.96 65.39 71.26 49.89 
-60 1.67 0.22 7.50 16.65 1.09 77.37 75.46 135.82 
-61.5 1.59 0.20 7.55 14.20 1.09 69.93 61.26 91.89 
-67.5 1.34 0.23 7.48 10.92 0.77 47.76 39.76 99.41 
-70 1.58 0.22 7.43 8.73 0.84 39.97 37.63 94.08 
-72.5 1.43 0.24 7.24 7.63 1.06 32.11 29.72 74.30 
-75 1.82 0.21 7.19 6.18 0.98 28.75 30.53 76.34 
-77.5 1.27 0.26 7.16 4.05 1.02 15.73 13.97 34.93 
-79 1.51 0.26 6.61 3.51 1.44 13.41 14.39 21.58 
-80 1.53 0.22 6.91 1.94 1.26 8.91 8.09 8.09 
-82.5 1.78 0.22 6.85 3.63 1.62 16.37 17.53 43.83 
-87.5 1.24 0.29 6.76 10.90 1.33 36.97 36.69 91.72 
-89.5 1.28 0.27 6.85 16.48 1.54 60.99 57.37 114.74 
-92 1.72 0.12 7.00 8.26 1.12 71.48 38.54 96.34 
-97.5 1.36 0.13 7.10 12.61 1.11 96.92 46.71 116.79 


























-2 1.37 0.25 7.06 6.11 1.54 24.29 22.77 45.54 
-3.5 1.67 0.23 7.26 6.70 2.19 29.70 30.37 45.55 
-9 1.73 0.19 7.26 4.78 1.53 25.70 22.49 33.74 
-15 1.39 0.23 7.32 3.27 1.04 14.24 12.32 30.80 
-20 1.37 0.26 7.17 7.33 1.19 28.65 27.39 68.48 
-22.5 1.14 0.30 7.24 9.37 0.98 30.78 29.14 72.84 
-25 1.70 0.22 7.16 10.62 0.84 48.09 49.14 122.86 
-30 1.47 0.22 7.04 9.89 0.80 45.00 39.55 -355.97 
-101 1.66 0.18 7.11 10.46 0.98 59.30 47.27 47.27 
-107.5 1.53 0.24 7.18 8.65 1.06 36.55 35.97 89.92 
-112.5 1.71 0.18 7.20 7.94 1.52 44.39 36.91 92.27 
-115.5 1.20 0.10 7.18 6.46 2.19 67.82 21.15 10.58 
-117.5 1.88 0.18 6.93 10.55 1.04 58.77 53.86 107.72 
-120.5 1.64 0.15 7.33 8.42 2.42 56.85 37.59 18.80 
-123 1.84 0.19 6.78 9.20 0.98 47.31 45.98 114.96 
-125.5 1.35 0.21 6.87 9.59 1.65 45.54 35.33 17.67 
-127.5 1.34 0.18 7.16 8.77 1.05 47.79 31.90 63.80 
-130 1.66 0.20 7.36 8.55 1.00 42.56 38.59 96.48 
-132 1.71 0.11 7.59 5.38 1.15 50.26 24.98 49.96 





-32.5 1.47 0.18 6.95 12.20 0.90 68.03 48.90 122.25 
-35 1.72 0.19 6.84 10.57 0.70 56.07 49.52 123.79 
-38.5 1.55 0.23 6.91 16.95 1.35 73.42 71.45 107.18 
-40 1.50 0.25 6.95 23.00 0.95 92.95 93.94 140.91 
-42 1.46 0.24 6.97 12.71 1.84 53.02 50.40 100.81 
-44 1.59 0.22 6.88 7.11 0.66 32.28 30.84 61.69 
-50 1.39 0.27 6.84 6.34 0.81 23.21 23.93 59.82 
-51 1.67 0.12 6.84 5.72 0.68 47.67 26.00 26.00 
-53 1.53 0.34 6.83 6.27 0.50 18.22 26.07 52.15 
-59 2.00 0.04 6.73 4.99 0.52 140.26 27.08 40.62 





















-1 1.33 0.21 6.25 12.21 1.14 56.94 44.21 44.21 
-4.5 1.53 0.19 6.50 5.29 0.68 27.21 22.10 44.20 
-5.4 1.56 0.21 6.82 4.54 0.05 21.84 19.33 17.40 
-12.5 1.32 0.23 7.06 7.54 0.05 32.96 26.98 53.96 
-17.5 1.61 0.20 7.19 5.38 0.05 27.48 23.58 47.16 
-23 1.40 0.20 7.09 6.66 0.05 33.19 25.38 76.13 
-26 1.61 0.22 7.21 6.57 0.05 29.75 28.82 86.47 
-32.5 1.31 0.26 7.27 8.33 0.05 32.66 29.59 73.97 
-35 1.53 0.25 7.35 8.79 0.05 34.74 36.59 91.48 





-40 1.54 0.28 7.13 6.84 0.05 24.51 28.57 71.42 
-42.5 1.27 0.25 6.95 4.96 0.05 19.59 17.06 42.66 
-45 1.70 0.20 6.95 3.12 0.05 15.76 14.46 36.15 
-47.5 1.50 0.24 6.94 3.45 0.05 14.47 14.10 35.24 
-50 1.62 0.25 6.76 4.24 0.55 16.81 18.63 46.59 
-52.5 1.39 0.23 6.94 4.49 0.88 19.44 16.94 42.34 
-54 1.43 0.25 6.82 4.82 0.52 19.34 18.75 28.13 
-57.5 1.17 0.27 6.80 5.58 1.36 20.52 17.82 44.55 
-60 1.74 0.24 6.79 4.73 0.87 19.57 22.35 55.88 
-62.5 1.39 0.24 6.83 5.22 0.05 21.63 19.71 49.27 
-65 1.68 0.22 6.82 5.38 0.36 24.08 24.55 61.37 
-67.5 1.20 0.24 6.82 5.62 0.49 23.65 18.36 45.91 
-70 1.47 0.21 6.84 4.91 0.51 23.50 19.61 49.04 
-72 1.14 0.18 6.95 3.32 0.05 18.81 10.34 20.67 
-73.5 1.48 0.19 6.96 3.70 0.05 19.43 14.89 22.34 
-75 1.54 0.24 6.88 3.48 0.05 14.80 14.60 21.90 
-77 1.46 0.25 6.94 3.99 0.38 16.26 15.82 31.64 
-79 1.76 0.22 6.92 4.02 0.50 18.29 19.21 28.82 
-80.5 1.84 0.23 6.79 3.75 0.83 16.56 18.76 28.14 
-82.5 1.77 0.24 6.80 3.74 1.48 15.70 17.97 35.93 
-84 1.70 0.24 6.86 3.93 0.52 16.69 18.13 27.19 
-85 1.59 0.22 6.81 3.12 0.91 14.45 13.51 13.51 
-88 1.62 0.20 6.85 2.65 0.42 13.37 11.71 23.41 
-90 1.72 0.22 6.90 3.97 1.23 18.17 18.57 37.14 
-92.5 1.36 0.22 6.98 3.25 0.54 14.73 12.03 30.08 





-95 1.90 0.23 6.91 3.42 1.01 15.11 17.66 17.66 
-97 1.73 0.22 6.27 3.05 0.55 13.69 14.35 28.70 
-99 1.69 0.20 6.67 3.93 1.19 19.24 18.08 72.32 
-101 1.49 0.22 6.78 3.76 1.33 17.17 15.25 30.50 
-102.5 1.49 0.23 6.89 3.87 0.05 16.61 15.63 23.44 
-104 1.58 0.26 6.94 4.00 0.35 15.58 17.19 25.79 
-105 1.53 0.25 7.03 4.50 1.11 18.00 18.68 18.68 
-107.5 1.59 0.22 7.12 3.76 0.97 16.89 16.28 24.42 
-109 1.89 0.23 7.23 4.09 0.39 17.56 20.99 31.48 





















-5 1.17 0.28 6.49 2.25 5.09 8.08 7.17 10.04 
-8 1.30 0.24 7.19 1.58 0.81 6.47 5.58 11.15 
-10 1.33 0.26 7.15 1.90 1.02 7.26 6.87 13.74 
-15 1.66 0.23 7.08 0.67 0.80 2.93 3.01 5.42 
-17.5 1.10 0.26 7.25 0.65 0.55 2.54 1.95 4.87 
-20 1.22 0.24 7.23 0.37 0.68 1.53 1.23 3.08 
-23.6 1.16 0.25 7.25 1.06 1.12 4.19 3.34 4.67 
-25 1.17 0.26 7.16 1.10 0.71 4.22 3.49 4.88 
-27.1 1.09 0.25 7.19 1.07 0.92 4.32 3.16 6.63 
-28.6 1.39 0.11 7.08 0.66 1.32 6.01 2.49 3.74 





-32.2 1.40 0.16 6.46 0.27 0.95 1.71 1.01 1.12 
-32.9 1.40 0.09 6.81 0.29 0.70 3.31 1.11 0.77 
-33.8 1.58 0.11 6.85 0.56 1.67 4.92 2.40 2.16 
-35 1.78 0.09 6.73 0.13 0.85 1.44 4.83 5.80 
-40 1.59 0.07 6.87 0.29 0.57 4.44 1.25 3.13 
-43.7 1.77 0.14 6.99 0.26 0.69 1.78 1.24 1.49 
-45 1.32 0.14 7.01 0.35 0.89 2.43 1.26 1.64 
-49 2.26 0.15 7.13 0.35 0.88 2.33 2.13 3.20 
-50 1.75 0.11 7.17 0.25 0.80 2.22 1.17 1.17 
-55 1.69 0.07 7.19 0.13 0.75 1.80 0.57 1.44 
-59.3 1.90 0.06 7.24 0.13 0.55 2.16 0.65 1.29 
-60 2.08 0.10 7.12 0.36 0.75 3.72 2.04 1.43 
-63 1.66 0.10 7.15 0.39 1.21 4.08 1.78 0.89 
-63.2 1.46 0.24 5.92 0.99 3.56 4.12 3.93 0.79 
-65 1.56 0.05 7.11 0.13 0.87 2.28 0.53 0.95 
-70 1.65 0.04 7.30 0.19 0.55 4.62 0.86 2.14 
-75 1.87 0.07 7.26 0.46 0.99 6.56 2.34 5.84 
-80 1.51 0.08 7.34 0.44 0.76 5.25 1.83 4.57 





















-1 1.27 0.26 6.16 5.56 1.86 21.64 19.14 19.14 





-10 1.58 0.22 6.61 0.47 1.44 2.17 2.03 4.06 
-12.5 1.61 0.25 7.04 0.67 0.29 2.69 2.96 2.96 
-17 1.23 0.25 7.12 2.02 0.05 8.03 6.76 13.52 
-19 1.43 0.27 7.10 1.96 0.05 7.21 7.65 15.29 
-20 1.48 0.24 7.09 1.33 0.05 5.56 5.36 5.36 
-22.5 1.26 0.27 7.03 1.39 0.05 5.19 4.78 7.16 
-25 1.55 0.27 7.11 0.93 0.05 3.49 3.94 9.84 
-26 1.20 0.31 7.14 1.95 0.10 6.35 6.39 6.39 
-28 1.27 0.31 7.05 2.25 0.33 7.26 7.81 15.61 
-30 1.35 0.31 7.01 1.88 0.11 6.05 6.93 13.86 
-32.5 1.46 0.31 6.57 2.81 1.15 9.20 11.16 27.90 
-34 1.49 0.29 6.41 2.67 2.54 9.15 10.79 16.19 
-35.2 1.55 0.29 7.27 0.44 2.24 1.53 1.86 2.24 
-36.5 1.25 0.39 6.83 0.26 8.46 0.68 0.89 1.16 
-39 1.43 0.25 6.20 0.57 7.23 2.30 2.22 5.56 
-41 1.41 0.23 6.02 3.74 1.22 16.33 14.37 28.74 
-43.8 1.63 0.23 5.39 4.96 0.78 21.72 22.03 28.63 
-45 2.00 0.17 5.31 4.25 0.25 25.71 23.18 27.81 
-47.5 1.48 0.22 5.84 5.59 0.05 25.55 22.54 18.03 
-49.5 1.65 0.18 5.91 3.92 0.05 22.27 17.57 35.13 
-50.5 1.75 0.13 6.34 2.39 1.71 18.84 11.40 11.40 
-52.5 1.61 0.12 6.12 2.95 0.07 25.04 12.93 25.86 
-56 1.41 0.24 6.06 3.53 0.04 14.59 13.53 13.53 
-57.5 1.53 0.25 6.22 3.85 0.42 15.10 15.96 23.94 
-60 1.64 0.25 6.33 3.13 0.47 12.67 13.95 27.91 





-67.5 1.30 0.24 6.28 5.85 0.45 24.41 20.67 51.68 
-69 1.41 0.23 6.30 6.03 0.68 26.50 23.19 34.78 
-70 1.60 0.20 6.39 4.59 0.27 22.39 19.93 19.93 
-72.5 1.59 0.25 6.44 5.50 0.16 21.64 23.74 23.74 
-74 1.62 0.22 6.53 5.08 0.08 23.29 22.35 33.53 
-75 1.87 0.16 6.40 4.79 0.98 30.18 24.30 24.30 
-77.5 1.60 0.06 6.42 1.99 0.05 34.51 8.66 17.33 
-82.5 1.45 0.09 6.50 3.01 0.05 31.99 11.88 29.71 
-87.5 1.65 0.09 6.43 3.14 0.05 33.78 14.09 35.21 
-91 1.98 0.06 6.66 2.84 0.36 44.82 15.25 15.25 
-92.5 1.33 0.04 6.70 2.27 0.05 52.31 8.20 12.30 
-96.5 1.15 0.28 6.55 7.08 0.33 25.47 22.07 33.11 
-97.5 1.55 0.09 6.66 4.10 0.42 43.67 17.28 17.28 
-102 1.64 0.04 6.88 1.17 0.05 32.32 5.21 10.43 
-106 1.39 0.04 7.22 0.77 0.60 18.15 2.93 2.93 
-107.5 1.48 0.07 7.04 0.91 0.05 13.29 3.68 5.52 
-111.5 1.68 0.17 6.98 3.09 1.25 18.30 14.07 21.11 
-112.5 2.10 0.06 7.12 0.89 0.05 16.17 5.09 5.09 
-117.5 1.43 0.02 7.27 0.61 0.05 27.88 2.36 5.90 


























-6.5 1.41 0.18 8.11 1.20 1.05 6.85 4.60 6.91 
-7.5 1.47 0.24 7.89 1.36 1.47 5.57 5.45 5.45 
-11.3 1.41 0.19 7.54 0.96 1.20 5.10 3.69 4.79 
-17.5 1.12 0.16 8.38 1.22 0.69 7.79 3.70 9.26 
-19 1.27 0.20 8.23 1.17 0.67 5.86 4.02 6.04 
-20.5 1.22 0.22 8.22 1.57 0.46 7.12 5.22 7.83 
-21.3 1.36 0.26 8.27 1.40 0.91 5.28 5.18 4.14 
-27 1.28 0.28 8.12 1.19 0.78 4.22 4.13 8.26 
-29 1.07 0.35 8.04 1.12 1.25 3.21 3.25 6.51 
-30 1.01 0.35 7.85 1.73 1.00 4.88 4.75 4.75 
-31.8 1.57 0.25 7.74 1.67 1.56 6.71 7.10 12.79 
-37.5 1.33 0.33 7.79 1.61 1.30 4.81 5.80 14.50 
-40 1.33 0.28 7.59 1.56 1.51 5.49 5.64 14.11 
-45 1.23 0.35 7.54 1.56 1.27 4.43 5.22 11.48 
-47.5 1.24 0.27 7.93 1.44 0.70 5.28 4.87 12.17 





















-1 1.28 0.26 6.84 5.59 2.12 21.37 19.41 19.41 
-2 1.14 0.13 7.66 0.99 1.60 7.60 3.07 3.07 
-5 1.10 0.14 8.15 0.58 1.28 4.16 1.72 4.29 
-7.5 1.03 0.19 8.20 0.99 0.97 5.22 2.77 6.93 





-11.5 1.41 0.22 8.00 2.65 1.19 12.00 10.16 20.32 
-12 1.57 0.19 8.12 3.73 1.20 19.88 15.87 7.94 
-17 1.18 0.22 8.17 3.84 1.53 17.18 12.27 24.54 
-19 1.33 0.31 8.22 3.91 1.46 12.46 14.11 28.21 
-22.5 1.25 0.12 7.88 2.29 0.75 19.51 7.79 19.48 
-25 1.02 0.26 8.05 1.86 1.07 7.12 5.15 12.88 
-27 1.33 0.19 7.98 1.26 0.76 6.50 4.53 9.07 
-29.5 1.18 0.14 8.23 1.26 0.60 8.72 4.02 10.06 
-32 1.28 0.15 8.09 1.19 0.84 8.09 4.11 8.23 
-34.5 0.93 0.11 7.96 1.38 0.93 12.18 3.48 8.71 
-37 0.99 0.27 7.77 2.10 0.65 7.70 5.65 11.29 
-38 1.17 0.13 8.02 1.34 0.64 10.38 4.25 4.25 
-40 1.08 0.22 8.05 1.84 0.88 8.47 5.40 10.80 
-41 1.08 0.28 7.92 1.95 0.77 7.08 5.75 5.75 
-42.5 1.15 0.28 8.14 1.66 0.71 6.01 5.18 7.78 
-45 1.10 0.20 7.98 1.40 0.62 6.82 4.19 10.48 
-47.5 1.39 0.17 8.20 2.34 0.68 13.99 8.89 22.23 
-50 1.53 0.24 8.36 2.38 0.78 9.75 9.92 24.80 
-51.5 1.18 0.16 8.10 1.73 0.62 10.98 5.57 8.35 
-53 1.46 0.23 8.17 1.73 0.63 7.50 6.89 10.33 
-57 1.24 0.16 8.16 1.31 0.80 7.99 4.40 8.80 
-58 1.57 0.28 8.38 2.80 0.74 10.11 11.95 11.95 
-62 1.39 0.10 8.49 0.82 0.34 8.59 3.10 6.19 
































-1.5 1.12 0.12 6.74 6.73 1.36 55.42 20.45 30.68 
-3 1.10 0.13 7.46 0.93 1.86 7.19 2.81 4.21 
-7.5 1.18 0.10 8.30 1.43 0.80 13.95 4.58 11.46 
-11 1.09 0.09 8.24 1.23 0.90 13.54 3.65 3.65 
-13.5 1.15 0.13 8.07 0.91 0.74 7.02 2.85 7.13 
-16.5 1.00 0.13 8.21 2.69 0.74 20.81 7.32 10.99 
-18 1.20 0.16 8.20 3.31 0.58 20.77 10.76 16.14 
-22 1.01 0.15 8.22 3.51 1.07 23.00 9.61 19.21 
-27.5 1.17 0.14 8.08 2.07 0.82 14.62 6.58 16.46 
-30 1.12 0.15 8.16 1.68 0.71 11.26 5.13 12.82 
-32.5 1.30 0.14 8.14 1.80 0.99 12.55 6.37 15.92 
-35 1.21 0.14 8.05 2.00 0.65 14.05 6.58 16.44 
-37.5 1.42 0.16 8.26 1.55 0.65 10.00 6.00 14.99 
-40 1.42 0.14 8.32 1.56 0.83 10.75 6.00 14.99 
-42 1.26 0.14 8.46 1.30 1.65 9.34 4.45 8.91 
-44 1.52 0.12 8.56 0.82 0.63 6.91 3.38 6.76 
-47.5 1.44 0.13 8.39 1.34 1.27 10.56 5.25 13.12 






-55 1.17 0.14 8.31 1.27 0.85 9.16 4.04 10.11 
-56.5 1.05 0.16 8.24 1.55 2.33 9.56 4.43 6.64 
-57.5 1.68 0.17 8.26 1.55 1.54 9.29 7.05 7.05 
-62.5 1.05 0.16 8.19 1.91 0.75 12.02 5.48 13.70 
-65 1.29 0.18 8.29 2.11 0.77 11.64 7.44 18.60 
-67.5 1.32 0.17 8.20 2.33 0.73 13.86 8.32 20.81 
-70 1.35 0.17 8.21 4.51 0.58 26.57 16.52 41.29 
-72.5 1.19 0.17 8.21 8.07 2.18 47.43 26.18 65.46 
-75 1.23 0.18 8.13 7.39 1.06 41.58 24.62 61.55 
-77.5 1.36 0.17 8.28 6.13 1.58 36.32 22.67 56.68 
-80 1.33 0.17 8.18 13.50 1.02 80.84 48.91 122.27 
-82.5 1.52 0.20 8.28 4.44 1.16 22.12 18.37 45.92 
-85 1.52 0.19 8.26 4.32 1.00 22.81 17.82 44.55 
-87.5 1.55 0.09 8.44 3.17 1.07 35.51 13.37 33.43 
-92 1.33 0.10 8.41 3.52 0.92 34.43 12.75 25.50 
-93.5 1.68 0.19 8.31 3.44 1.01 18.21 15.72 23.59 
-96 1.28 0.19 8.35 4.57 1.13 23.56 15.96 15.96 
-97.5 1.50 0.18 8.36 4.52 0.69 24.78 18.48 27.72 
-101 1.47 0.16 8.50 6.06 0.88 36.80 24.30 24.30 
-102.5 1.73 0.15 8.41 5.74 0.96 38.01 26.91 40.36 
-107.5 1.26 0.28 8.03 5.14 1.18 18.41 17.63 44.08 

























-1 1.32 0.19 7.89 6.98 2.13 37.71 25.00 25.00 
-2 1.22 0.20 7.21 3.03 2.49 15.42 10.03 10.03 
-3 1.22 0.20 7.20 5.76 3.05 28.40 19.09 19.09 
-3.8 1.53 0.22 7.39 2.70 2.54 12.04 11.21 8.97 
-12 1.16 0.11 7.58 10.29 1.38 97.30 32.58 65.15 
-16.5 1.33 0.16 7.74 2.63 1.10 16.79 9.54 14.30 
-17 1.62 0.16 7.83 1.13 0.63 7.00 4.97 2.48 
-22.5 1.27 0.16 7.77 1.61 0.81 9.92 5.56 13.90 
-25 1.15 0.16 7.79 3.83 0.83 24.69 11.92 29.81 
-27.3 1.69 0.16 7.77 7.02 0.85 43.09 32.22 74.10 
-31.9 1.49 0.16 7.84 1.71 0.82 10.56 6.95 13.21 
-37.5 1.27 0.18 7.85 4.18 0.86 23.82 14.41 36.03 
-40 1.84 0.19 7.82 11.75 1.12 60.38 58.66 146.64 
-42 1.54 0.18 7.76 14.27 0.85 78.12 59.74 119.47 
-47.5 1.19 0.17 7.80 5.36 0.79 31.84 17.39 43.48 
-50 1.40 0.16 7.83 3.24 1.15 20.01 12.34 30.85 
-52.5 1.38 0.21 7.91 11.31 0.74 54.31 42.30 105.75 
-55 1.35 0.18 7.84 7.24 1.06 40.68 26.53 66.32 
-56.8 1.24 0.17 8.09 0.30 0.46 1.72 0.99 1.79 
-61 1.72 0.12 8.24 0.85 0.68 6.89 4.00 4.00 
-62.1 1.33 0.14 8.20 0.52 1.30 3.67 1.89 2.07 
-66.3 1.77 0.11 7.86 1.17 0.82 10.74 5.61 7.29 
-67.3 1.64 0.15 7.90 1.28 0.43 8.72 5.71 5.71 
-73 1.51 0.14 7.94 0.74 0.72 5.33 3.03 9.08 





























-1.2 1.28 0.33 6.70 9.97 1.28 30.51 34.62 41.55 
-2.5 1.62 0.20 6.84 2.69 1.36 13.22 11.87 15.43 
-6 1.53 0.24 7.55 1.57 1.88 6.60 6.52 6.52 
-12.5 1.33 0.18 7.83 1.31 1.07 7.47 4.72 11.81 
-16 1.66 0.20 7.96 1.01 1.70 5.02 4.57 4.57 
-21.5 1.35 0.18 7.99 1.23 0.79 6.82 4.49 6.73 
-23.5 0.98 0.31 7.84 1.21 0.86 3.85 3.22 6.43 
-27.5 1.34 0.21 7.71 1.41 1.09 6.73 5.16 12.89 
-28.5 1.50 0.20 7.74 1.56 0.65 7.78 6.36 6.36 
-31.3 1.36 0.16 7.95 1.07 1.33 6.52 3.96 5.15 
-32.5 1.16 0.22 7.76 0.69 0.95 3.15 2.19 2.63 
-35 1.12 0.28 7.65 1.38 0.52 4.94 4.21 10.52 
-37 1.54 0.17 7.83 1.27 0.60 7.37 5.31 10.62 
-37 1.15 0.22 7.94 0.67 0.91 3.06 2.11 4.23 
-39.5 1.29 0.29 7.86 0.68 1.22 2.37 2.39 5.98 
-47.5 1.36 0.29 7.95 1.10 0.44 3.77 4.08 10.21 





-55 1.25 0.32 7.82 1.90 0.59 5.94 6.45 16.12 
-57.5 1.40 0.26 7.66 2.09 0.47 7.94 7.99 19.98 
-61.1 1.15 0.27 7.73 1.63 0.82 6.01 5.09 5.60 
-63.6 1.46 0.19 7.87 1.54 0.53 7.90 6.10 15.26 
-67 1.53 0.26 7.89 1.22 0.81 4.75 5.06 10.12 
-72.5 1.72 0.13 8.22 0.82 0.43 6.44 3.82 9.54 
-76.1 1.45 0.32 7.98 3.33 0.50 10.51 13.16 14.48 
-76.8 1.81 0.16 7.96 0.88 0.93 5.46 4.36 3.05 
-80.7 1.49 0.14 7.96 1.14 1.08 8.05 4.64 3.25 
-83 1.87 0.07 8.10 0.89 0.90 13.47 4.53 10.42 
-86.3 1.88 0.09 7.89 2.01 1.09 21.88 10.25 13.32 
-87.3 1.88 0.15 7.93 2.01 1.16 13.04 10.31 10.31 
-90.6 1.44 0.09 8.01 0.96 1.56 11.00 3.78 2.27 
-93.1 1.60 0.13 8.03 0.89 0.76 6.85 3.88 9.71 
-97 1.48 0.22 7.94 1.92 1.22 8.64 7.72 15.43 
-101.6 1.81 0.05 8.04 0.99 0.73 21.59 4.87 7.79 
-106.8 1.96 0.05 8.14 0.85 0.84 18.76 4.53 8.15 





















-3.7 1.09 0.23 6.36 12.63 3.94 54.32 37.26 44.71 
-5 1.71 0.20 6.38 1.19 1.80 5.80 5.53 7.19 






-10 1.43 0.21 7.24 0.76 0.23 3.65 2.95 3.54 
-12.5 1.10 0.20 7.20 2.15 0.28 10.91 6.41 16.03 
-15 1.11 0.19 7.26 0.86 0.15 4.47 2.59 6.47 
-18 1.21 0.20 7.26 0.94 0.05 4.77 3.11 3.11 
-20 1.30 0.22 7.26 1.99 0.05 9.00 7.03 14.07 
-21.5 1.09 0.27 7.21 3.67 0.36 13.49 10.82 16.23 
-23.5 1.19 0.21 7.12 2.97 0.05 14.06 9.60 19.20 
-25 1.66 0.17 7.06 2.53 0.05 15.09 11.43 17.14 
-28 1.16 0.16 7.04 3.32 0.05 20.67 10.42 20.84 
-30 1.79 0.08 6.31 1.61 0.05 19.22 7.83 15.66 
-35 1.53 0.08 7.45 1.17 0.05 14.37 4.85 11.64 
-39.2 1.28 0.06 7.34 1.06 0.05 16.52 3.71 6.30 
-40 1.80 0.17 7.33 1.97 0.52 11.91 9.67 7.74 
-43.7 1.52 0.11 6.63 0.57 0.14 5.39 2.36 2.83 
-45 1.69 0.15 8.14 0.56 0.24 3.67 2.59 3.37 
-48.7 1.28 0.19 7.51 0.52 0.05 2.72 1.79 2.15 
-50 1.74 0.18 7.67 0.57 0.05 3.13 2.72 3.53 
-53.6 1.88 0.10 7.70 0.50 0.05 4.90 2.58 2.84 
-55 1.87 0.18 7.54 0.73 0.05 4.08 3.70 5.18 
-57.7 1.21 0.17 7.43 0.94 0.13 5.48 3.07 7.68 
-59 1.28 0.19 7.50 1.05 0.90 5.53 3.66 4.75 
-60 1.64 0.15 7.50 0.89 0.12 5.78 3.99 3.99 
-62.5 1.31 0.06 7.38 0.74 0.35 12.48 2.62 2.36 
-64 1.50 0.07 7.48 0.59 0.05 8.75 2.40 3.59 
-65.4 1.78 0.13 7.55 1.02 0.49 7.73 4.95 6.94 






-67.5 1.32 0.09 7.41 1.67 0.33 19.38 5.97 7.76 
-69.5 1.51 0.17 7.36 2.40 0.05 13.99 9.87 19.73 
-70.5 1.46 0.08 7.23 1.29 0.13 16.74 5.14 5.14 
-72.5 1.54 0.05 7.49 1.06 0.34 20.51 4.45 8.90 
-80 1.63 0.06 7.34 1.53 0.30 26.73 6.76 15.56 





















-1.5 1.33 0.22 5.69 3.14 2.58 14.26 11.34 17.01 
-3 1.02 0.23 6.34 2.54 2.57 10.96 7.06 10.59 
-4 1.45 0.20 6.78 2.46 1.68 12.05 9.68 9.68 
-5 1.30 0.22 7.10 1.88 0.89 8.55 6.65 6.65 
-7 1.10 0.25 7.42 4.71 0.54 18.83 14.03 28.05 
-10 1.13 0.24 7.40 2.88 0.75 12.08 8.81 22.02 
-15 1.39 0.21 7.62 9.58 1.07 44.93 36.33 90.82 
-17.5 1.13 0.22 7.66 7.52 0.93 33.94 23.02 57.55 
-20 1.43 0.24 7.64 5.67 0.88 23.38 22.12 55.31 
-22.5 1.17 0.24 7.63 5.08 0.96 20.77 16.15 40.37 
-23.8 1.11 0.22 7.54 4.57 1.79 21.11 13.75 17.87 
-26.3 1.43 0.21 7.50 3.95 1.98 19.27 15.37 38.41 
-27.5 1.23 0.17 7.46 3.20 1.81 18.91 10.72 12.87 
-30 1.43 0.11 7.57 2.81 1.27 24.91 10.95 27.37 






-35 1.60 0.23 7.46 6.52 1.42 28.83 28.34 70.86 
-35 1.63 0.10 7.52 2.32 0.05 23.24 10.28 25.70 
-40 1.48 0.20 7.16 5.30 0.52 26.76 21.39 53.48 
-42.5 1.24 0.18 7.02 4.66 0.72 25.27 15.78 39.45 
-44.3 1.34 0.14 6.73 3.51 0.05 24.27 12.83 23.10 
-45 1.61 0.17 6.91 4.21 0.58 25.51 18.49 12.95 
-50 1.48 0.14 6.75 2.40 0.05 17.39 9.70 29.10 
-55 1.89 0.12 6.64 2.51 0.05 21.13 12.90 32.24 
-60 1.66 0.11 6.97 2.80 0.60 26.30 12.64 31.61 
-64 1.33 0.07 6.83 1.76 0.05 24.05 6.36 15.89 
-65 1.87 0.12 7.01 1.99 0.05 16.12 10.14 10.14 
-66.7 1.41 0.12 6.99 2.86 0.05 24.51 10.95 18.61 
-67.5 1.74 0.25 7.00 3.95 0.73 16.09 18.71 14.97 
-69 1.73 0.17 7.04 3.19 0.56 18.29 14.97 22.45 
-70 2.06 0.15 7.13 2.83 1.22 18.88 15.91 15.91 
-73 1.39 0.11 6.95 1.44 0.49 12.73 5.44 5.44 





















-0.9 1.45 0.22 6.50 7.02 2.75 32.51 27.69 24.92 
-1.8 1.63 0.24 5.82 2.12 1.93 8.89 9.42 8.48 
-7.5 1.22 0.18 6.12 1.02 1.67 5.70 3.39 3.39 






-13.9 1.23 0.19 7.28 4.57 1.96 23.59 15.28 6.11 
-15 1.45 0.21 7.30 4.92 1.04 23.13 19.39 21.33 
-18.7 1.18 0.25 7.29 3.03 0.94 12.04 9.72 13.60 
-20 1.60 0.23 7.31 2.33 1.15 9.97 10.15 13.20 
-25 1.67 0.22 7.28 1.36 1.68 6.09 6.20 12.39 
-28 1.62 0.20 7.14 0.26 1.34 1.32 1.16 1.16 
-30 1.52 0.18 7.06 1.36 1.54 7.59 5.64 11.29 
-32.6 1.42 0.15 6.80 1.81 2.77 11.86 6.99 4.19 
-35 1.51 0.21 7.42 1.18 2.00 5.64 4.83 11.58 
-37.5 1.11 0.14 7.75 1.01 1.77 7.06 3.06 3.06 
-38.5 1.50 0.11 7.92 0.75 1.13 6.63 3.05 3.05 
-40 1.49 0.22 7.77 1.76 2.30 8.01 7.14 10.71 
-42.5 1.56 0.20 7.56 2.86 2.56 14.26 12.15 12.15 
-45 1.86 0.20 7.50 3.52 1.89 17.57 17.83 44.57 
-48 1.01 0.17 7.57 2.66 1.46 15.55 7.30 9.50 
-50 1.35 0.08 7.70 1.79 1.24 21.63 6.58 13.16 
-55 1.53 0.05 7.68 2.13 1.94 43.24 8.85 17.71 
-60 1.61 0.09 7.43 2.37 0.77 27.16 10.35 20.70 
-65 1.81 0.11 7.36 1.53 0.18 13.81 7.54 16.59 
-65.9 1.72 0.18 7.42 1.63 0.12 8.80 7.60 4.56 
-67.5 1.59 0.26 7.35 2.53 0.57 9.91 10.97 17.56 
-68.7 1.59 0.25 7.30 2.41 0.17 9.56 10.43 12.51 


























-1 1.42 0.25 7.17 5.16 1.11 20.74 19.98 19.98 
-2.5 1.51 0.19 7.23 0.93 0.51 5.04 3.85 5.77 
-7.5 1.61 0.23 7.74 0.68 0.75 2.98 2.98 7.44 
-12.5 1.15 0.22 7.96 1.86 0.57 8.43 5.83 14.57 
-15 1.22 0.21 7.91 3.15 0.60 15.02 10.45 26.13 
-17.5 1.04 0.23 7.99 3.14 0.40 13.61 8.88 22.21 
-20 1.18 0.22 8.01 1.44 0.52 6.45 4.60 11.51 
-22.5 1.27 0.22 7.81 3.12 0.00 13.98 10.74 26.85 
-25 1.24 0.23 7.85 3.90 0.05 16.73 13.12 32.81 
-27.5 1.24 0.25 8.09 2.08 0.00 8.41 7.00 17.50 
-30 1.49 0.27 8.15 2.48 0.00 9.15 10.08 25.19 
-31 1.24 0.25 8.05 3.74 0.00 15.17 12.64 12.64 
-32.5 1.06 0.28 7.91 4.47 0.14 15.97 12.94 19.41 
-34 1.09 0.27 7.89 3.24 0.02 12.19 9.61 14.41 
-35 1.40 0.25 7.99 2.92 0.24 11.76 11.11 11.11 
-37.5 1.20 0.20 7.96 2.73 2.45 13.41 8.90 22.25 
-40 1.52 0.20 7.77 1.91 0.37 9.36 7.86 19.66 
-42.5 1.32 0.22 8.15 1.32 1.99 6.06 4.75 11.88 
-45 1.57 0.24 8.32 1.36 1.11 5.77 5.81 14.52 
-47.5 1.24 0.23 8.17 1.93 2.09 8.55 6.52 16.30 
-50 1.65 0.22 8.32 2.18 1.67 10.00 9.74 24.36 
-52.5 1.40 0.22 8.61 2.83 2.14 12.86 10.79 26.96 






-57.5 1.41 0.22 8.28 2.59 1.47 12.05 9.92 24.79 
-60 1.36 0.21 8.24 2.25 1.96 10.99 8.32 20.81 
-62.5 1.37 0.21 8.19 2.02 2.10 9.76 7.52 18.79 
-64.5 1.25 0.22 8.33 1.86 1.12 8.39 6.30 12.60 
-65 1.71 0.20 8.36 2.09 2.04 10.56 9.74 4.87 
-67.5 1.46 0.20 8.08 2.33 1.23 11.55 9.24 23.09 
-70 1.24 0.21 8.17 3.69 0.96 17.25 12.45 31.12 
-72.5 1.30 0.20 8.11 4.46 1.39 22.66 15.73 39.32 
-75 1.52 0.17 8.43 5.00 2.09 29.15 20.64 51.60 
-77.5 1.41 0.19 8.12 6.61 1.64 34.87 25.44 63.60 
-80 1.75 0.18 8.20 6.24 1.80 34.09 29.72 74.29 
-82.5 1.21 0.22 8.07 7.64 1.94 34.46 25.05 62.61 
-85 1.48 0.22 8.02 6.01 3.28 27.01 24.22 60.54 
-87.5 1.37 0.19 8.18 3.60 1.53 18.98 13.42 33.55 
-90 1.31 0.17 8.08 2.93 1.66 17.21 10.45 26.12 
-92.5 1.42 0.16 8.00 2.23 3.03 13.76 8.65 21.62 
-95 1.58 0.19 8.31 2.39 1.73 12.37 10.25 25.63 
-97.5 1.80 0.10 8.38 0.88 2.27 9.29 4.33 10.82 
-101.5 1.11 0.21 7.84 1.10 1.21 5.20 3.30 4.95 
-104 1.58 0.16 8.04 1.11 0.85 6.82 4.77 11.93 
-107.5 1.44 0.16 8.13 1.03 0.72 6.40 4.06 10.15 
-112 1.27 0.12 7.97 0.90 0.76 7.48 3.13 6.26 
-117.5 1.26 0.14 7.83 0.99 1.05 7.02 3.39 8.48 
-120 1.32 0.15 7.84 0.78 1.76 5.26 2.82 7.04 
-122.5 1.40 0.22 7.88 1.07 1.20 4.94 4.09 10.23 






-125.5 1.18 0.21 7.97 0.99 1.25 4.72 3.17 1.58 
-127.5 1.07 0.22 8.07 1.00 1.17 4.45 2.89 5.78 
-130 1.08 0.18 8.06 0.72 0.92 4.10 2.11 5.28 
-133 1.14 0.16 7.91 0.74 0.86 4.53 2.29 6.87 
-137.5 1.07 0.27 8.00 1.21 1.08 4.48 3.53 8.84 
-140 1.78 0.18 7.83 0.86 1.91 4.64 4.16 10.40 
-142 1.52 0.17 7.92 0.95 1.75 5.52 3.91 7.82 
-144 1.81 0.10 8.23 0.54 2.53 5.33 2.68 5.35 





















-2 1.42 0.23 6.59 5.16 1.60 22.82 19.96 39.93 
-3.5 1.40 0.15 6.70 0.77 1.49 4.99 2.93 4.40 
-4.5 1.47 0.11 7.03 0.72 0.93 6.46 2.86 2.86 
-5 1.27 0.17 6.98 0.23 2.41 1.32 0.78 0.39 
-7.5 1.78 0.04 7.13 0.35 0.66 7.99 1.70 4.26 
-10 1.75 0.06 7.23 0.63 0.51 10.93 3.02 7.56 
-11 1.72 0.05 7.14 0.53 0.71 10.47 2.49 2.49 
-12.5 2.02 0.05 7.33 0.63 0.62 12.57 3.46 5.18 
-15 2.17 0.04 7.28 0.83 0.46 21.17 4.90 12.26 
-17.5 1.97 0.06 7.25 0.30 1.53 5.34 1.62 4.04 


























-2 1.29 0.25 7.11 2.95 1.85 11.77 10.38 20.76 
-4 1.39 0.23 7.20 1.20 1.90 5.17 4.51 6.77 
-5 1.62 0.22 7.14 1.54 1.58 7.15 6.80 6.80 
-6 1.30 0.25 7.33 2.59 2.22 10.51 9.14 9.14 
-7 1.43 0.17 7.56 1.09 0.74 6.34 4.24 4.24 
-10 1.57 0.16 7.83 0.55 0.55 3.55 2.36 5.90 
-10.3 1.06 0.24 7.47 1.03 2.51 4.29 2.98 0.89 
-12.5 1.77 0.10 7.91 0.60 0.57 5.88 2.89 6.37 
-15 1.85 0.11 7.81 1.25 0.59 11.43 6.30 15.75 
-17.5 1.77 0.12 7.83 0.48 0.75 3.94 2.33 5.83 





















-1.5 1.18 0.20 7.60 5.61 1.41 28.56 17.97 26.95 
-2.5 1.15 0.21 7.54 2.99 2.30 14.37 9.37 9.37 
-3.5 1.20 0.19 7.83 1.95 1.27 10.15 6.36 6.36 
-5 1.15 0.18 8.03 1.45 0.91 7.96 4.51 6.77 
-7 1.43 0.15 8.03 3.78 0.56 25.67 14.65 29.31 




-15 1.09 0.16 7.94 3.82 0.58 23.72 11.28 28.19 
-17 1.62 0.16 8.16 3.61 0.49 22.66 15.88 31.76 
-22.5 1.29 0.22 8.06 0.46 0.64 2.11 1.61 4.01 
-25 1.39 0.23 7.73 0.52 0.68 2.32 1.98 4.94 
-27.5 1.76 0.08 8.32 0.22 0.67 2.84 1.04 2.59 
-32 2.07 0.04 8.49 0.05 0.64 1.21 0.28 0.56 
-36.5 1.84 0.11 8.43 0.34 1.67 3.18 1.72 2.58 
-42 1.63 0.06 8.51 0.19 0.87 3.28 0.82 1.64 
-46.5 1.57 0.11 8.49 0.28 1.36 2.45 1.18 1.77 
-51 1.23 0.12 8.45 0.48 1.01 3.96 1.62 1.62 
-53.3 1.58 0.17 8.36 0.71 1.48 4.12 3.04 6.99 
-57.5 1.57 0.17 8.09 0.59 0.66 3.45 2.53 6.32 
-62.5 1.42 0.16 7.78 0.80 1.08 4.99 3.09 7.74 
-65 1.64 0.19 7.71 1.19 0.70 6.12 5.29 13.23 
-66.5 1.51 0.20 7.86 2.30 1.00 11.54 9.47 14.20 
-71 1.41 0.20 7.75 7.27 0.88 35.71 27.95 27.95 
-72.5 1.33 0.24 7.72 7.20 0.76 30.47 26.01 39.01 
-75 1.25 0.22 7.72 7.08 1.23 32.72 24.13 60.33 
-77 1.79 0.19 7.84 5.19 1.12 27.67 25.31 50.62 
-85 1.26 0.16 7.99 1.19 0.71 7.52 4.10 10.25 
-87.5 1.48 0.16 8.26 1.82 0.42 11.56 7.30 18.24 
-90 1.51 0.17 8.09 1.83 0.56 11.06 7.52 18.79 
-92.5 1.54 0.14 8.21 1.40 0.65 9.80 5.86 14.66 
-95 1.70 0.13 8.26 0.96 0.50 7.69 4.46 11.15 
-97 1.40 0.06 8.61 0.40 0.63 6.33 1.52 3.04 




-102 1.00 0.18 8.09 1.23 0.73 6.75 3.34 6.67 
-102.5 1.34 0.23 8.11 1.84 0.84 8.04 6.73 3.36 
























-1 1.21 0.24 5.68 9.48 3.23 38.97 31.08 31.08 
-2 1.44 0.18 6.62 5.19 1.65 29.59 20.27 20.27 
-7.5 1.25 0.19 7.95 3.50 0.22 18.88 11.93 29.84 
-10 1.05 0.21 8.05 3.14 0.00 15.10 8.98 22.45 
-12.5 1.21 0.20 8.23 3.18 0.62 16.18 10.49 26.22 
-17.5 1.26 0.18 8.19 6.21 0.47 34.24 21.28 53.21 
-20 1.02 0.19 8.43 5.70 0.00 29.27 15.85 39.63 
-22.5 1.07 0.19 8.00 4.12 0.05 22.19 11.98 29.96 
-25 1.20 0.18 8.20 3.00 0.00 16.59 9.74 24.35 
-27.5 1.30 0.18 7.84 3.00 0.16 16.25 10.60 26.51 
-30 1.38 0.17 8.07 2.59 0.13 14.96 9.73 24.33 
-32.5 1.30 0.16 7.97 1.41 0.05 8.91 4.97 12.43 
-33.5 1.31 0.11 7.77 0.42 0.05 3.75 1.50 1.50 
-34.5 1.37 0.11 8.06 0.42 0.04 4.01 1.58 1.58 
-35 1.33 0.16 7.77 2.33 0.77 14.24 8.42 4.21 







-37.5 1.30 0.10 7.36 0.36 0.17 3.62 1.28 3.20 
-40 1.48 0.09 7.33 0.48 0.28 5.10 1.92 4.79 
-41 1.36 0.08 7.49 0.37 0.61 4.43 1.38 1.38 
-46 1.40 0.11 7.20 0.34 0.60 3.05 1.29 1.29 
-51.5 1.16 0.12 7.22 0.49 1.01 4.26 1.55 2.32 
-58 1.26 0.14 7.28 1.99 0.53 14.67 6.84 20.52 
-61 1.38 0.14 7.40 0.58 0.74 4.08 2.19 2.19 
-64 1.23 0.16 7.63 1.73 0.35 11.18 5.81 17.44 
-67 1.09 0.17 7.45 0.79 1.15 4.63 2.33 4.67 
-69 1.89 0.14 7.28 0.90 0.96 6.39 4.66 9.31 
-72.5 1.52 0.06 7.57 2.43 0.56 43.98 10.05 25.12 
-76 1.00 0.33 8.17 1.22 0.88 3.71 3.30 3.30 
-78 1.44 0.15 7.97 2.66 0.72 17.91 10.46 20.91 
-83 1.35 0.32 8.28 3.09 0.87 9.51 11.37 34.12 
-87.5 1.34 0.17 8.16 1.15 0.57 6.55 4.16 10.40 
-92 1.70 0.10 8.26 1.21 0.46 12.07 5.60 11.19 
-97 1.21 0.24 8.29 1.14 0.76 4.82 3.74 7.49 
-98 1.45 0.26 8.49 0.63 0.80 2.40 2.48 2.48 
-101.5 1.31 0.27 8.51 0.53 0.24 1.98 1.89 2.84 
-102.5 1.54 0.19 8.52 0.86 0.45 4.44 3.61 3.61 
-107.5 1.39 0.27 7.96 0.86 0.68 3.14 3.26 8.15 


























-4 1.31 0.24 7.29 6.94 1.61 29.49 24.64 36.96 
-7 1.35 0.17 8.42 2.03 0.75 11.70 7.43 14.85 
-8 1.31 0.20 8.28 2.67 0.77 13.13 9.54 9.54 
-13.3 1.62 0.20 8.32 1.73 1.42 8.81 7.66 6.13 
-17.5 1.11 0.22 8.60 2.66 0.79 11.92 8.04 20.10 
-20 1.21 0.22 8.65 2.30 1.17 10.25 7.59 18.98 
-24 1.75 0.22 8.68 3.02 1.05 13.89 14.40 21.60 
-27.5 1.25 0.27 8.75 4.39 0.73 16.42 14.92 37.31 
-28 1.34 0.27 8.53 5.17 0.95 19.49 18.86 9.43 
-30 1.41 0.26 8.46 5.72 0.85 21.68 21.85 43.69 
-35 1.74 0.20 8.45 4.22 0.92 21.12 19.95 49.87 
-37.5 1.55 0.20 8.43 2.92 1.20 14.33 12.32 30.79 
-40 1.84 0.23 8.34 4.33 1.65 18.80 21.68 54.20 
-40.5 1.53 0.24 8.23 3.71 1.80 15.77 15.40 7.70 
-45 1.83 0.17 8.27 2.66 1.30 15.42 13.22 33.05 
-47 1.21 0.15 8.06 2.53 1.51 17.07 8.29 16.58 
-50 1.47 0.15 8.04 2.73 0.91 18.52 10.90 27.26 
-50.5 1.67 0.10 8.02 2.82 1.78 27.14 12.78 6.39 
-55 1.65 0.08 7.95 3.78 1.16 45.33 16.93 42.33 
-57.5 1.27 0.21 8.06 4.26 1.77 20.30 14.73 36.82 
-60 1.79 0.09 8.17 2.23 0.84 25.51 10.89 27.23 
-61 1.69 0.07 8.19 0.98 1.65 13.24 4.50 4.50 
-63.5 1.94 0.09 8.12 0.78 1.33 8.19 4.11 10.28 
-70 2.07 0.11 8.12 1.60 1.76 14.52 8.99 22.48 






-80 1.57 0.09 7.91 1.95 1.90 22.09 8.31 20.77 
-85.5 1.71 0.14 7.84 1.46 2.73 10.28 6.77 13.53 
-90 1.62 0.12 8.14 2.54 1.77 21.44 11.19 27.96 
-92.5 1.63 0.09 8.23 2.99 3.19 35.10 13.23 6.62 
-95 1.83 0.15 8.25 1.82 2.57 12.48 9.01 22.53 
-100 1.95 0.12 8.16 3.26 1.14 26.76 17.30 43.26 
-105 1.81 0.09 8.33 1.28 1.61 13.66 6.30 12.59 
-110 1.66 0.04 8.46 0.79 1.62 18.61 3.55 1.77 
-113.3 1.92 0.10 8.32 1.65 1.27 15.91 8.60 6.88 
-115 1.59 0.08 8.50 0.93 0.79 12.28 3.99 6.79 





















-2 1.41 0.21 6.75 4.28 3.43 20.42 16.37 32.73 
-4 1.45 0.24 6.80 0.40 2.40 1.65 1.59 3.18 
-9.5 1.49 0.22 7.17 0.85 1.12 3.86 3.44 6.87 
-12.5 1.15 0.21 7.23 2.27 1.67 10.81 7.13 17.82 
-15 1.05 0.20 7.23 0.67 1.20 3.37 1.92 4.79 
-18.5 1.53 0.26 7.25 0.11 1.74 0.43 0.47 0.47 
-22.5 1.29 0.25 7.33 1.49 1.10 5.93 5.21 13.04 
-25 1.23 0.26 7.37 0.45 1.08 1.75 1.49 3.74 
-30 1.46 0.27 7.26 0.54 1.08 2.02 2.16 5.41 






-35 1.28 0.17 7.07 0.09 1.29 0.55 0.32 0.81 
-37 1.47 0.22 7.12 0.62 1.71 2.86 2.48 4.97 
-40 1.51 0.24 7.80 0.45 3.11 1.88 1.85 4.62 
-42.5 1.25 0.24 7.60 0.65 2.21 2.71 2.19 5.48 
-45 1.47 0.24 7.54 0.74 0.77 3.12 2.96 7.40 
-47.5 1.52 0.25 7.59 0.78 1.03 3.16 3.22 2.25 
-50 1.64 0.23 7.50 0.69 1.55 3.03 3.10 7.75 
-52.5 1.84 0.23 7.50 0.80 1.26 3.46 3.98 9.96 
-55 1.48 0.24 7.50 0.67 1.11 2.78 2.70 6.74 
-60 1.52 0.23 7.50 0.72 1.04 3.11 2.99 7.47 
-62.5 1.53 0.22 7.58 0.77 1.13 3.60 3.21 8.04 
-65 1.30 0.22 7.58 0.91 0.79 4.21 3.23 8.07 
-70 1.75 0.23 7.49 1.02 1.06 4.45 4.85 12.13 
-72.5 1.46 0.21 7.54 0.48 0.89 2.27 1.89 4.72 
-75 1.64 0.21 7.20 0.85 0.65 3.99 3.78 9.44 
-77.5 1.75 0.19 7.18 1.11 1.21 5.69 5.28 2.64 
-80 1.74 0.21 7.20 0.99 0.90 4.73 4.67 11.68 
-82.5 1.21 0.19 7.24 0.05 1.66 0.27 0.17 0.43 
-85 1.74 0.22 7.22 0.83 1.13 3.83 3.93 9.83 
-87.5 1.60 0.18 7.17 0.69 1.91 3.87 3.02 7.55 
-90 1.58 0.22 7.13 0.78 1.37 3.61 3.34 8.34 
-92.5 1.38 0.21 7.22 0.33 1.70 1.61 1.25 3.12 
-95 1.56 0.21 7.15 0.42 1.46 2.03 1.79 4.48 
-97.5 1.57 0.20 7.20 1.15 1.01 5.64 4.90 12.24 


























-1 1.26 0.24 6.62 8.86 2.92 37.29 30.33 30.33 
-2 1.27 0.20 7.12 2.35 1.54 11.90 8.16 8.16 
-7 1.39 0.17 7.33 0.79 1.24 4.59 3.00 6.01 
-12.5 1.25 0.18 7.54 1.08 0.67 5.87 3.67 9.17 
-15 1.53 0.20 7.58 0.82 0.49 4.17 3.41 8.54 
-18.5 1.46 0.19 7.52 0.73 0.96 3.75 2.91 2.91 
-22.5 1.33 0.20 7.51 0.98 0.52 4.99 3.55 8.87 
-25 1.31 0.19 6.65 0.54 1.03 2.85 1.90 4.75 
-30 1.47 0.20 6.84 1.45 0.83 7.38 5.79 14.48 
-32.5 1.05 0.21 6.80 2.69 0.36 12.66 7.66 19.16 
-35 1.35 0.20 6.63 2.77 0.55 13.90 10.19 25.47 
-39.5 1.67 0.17 6.46 3.84 0.72 22.92 17.43 34.86 
-45 1.51 0.15 6.42 3.40 1.19 23.32 13.97 34.94 
-51 1.31 0.09 6.81 1.94 1.40 21.04 6.92 6.92 
-58 1.29 0.10 6.99 2.04 2.19 21.29 7.15 3.57 
-64 1.56 0.11 6.87 2.15 0.67 19.78 9.12 13.68 
-69 1.26 0.11 6.85 1.65 0.99 15.31 5.65 8.48 
-70 1.56 0.23 6.89 9.97 0.43 43.93 42.43 106.07 
-73.5 1.32 0.19 6.81 2.16 0.98 11.21 7.78 7.78 
-78.5 1.59 0.17 6.72 11.52 0.89 66.60 49.76 49.76 
-84.5 1.40 0.19 6.75 48.65 0.72 261.63 185.01 370.02 
-90 1.40 0.25 8.01 49.90 1.00 198.06 190.19 475.46 






-100 1.72 0.13 8.25 14.27 1.06 109.25 66.78 66.78 
-105 1.43 0.04 8.51 5.35 1.49 147.88 20.84 31.26 
-110 1.28 0.04 8.98 1.55 0.65 38.35 5.41 8.11 
-113.5 1.14 0.30 8.35 2.67 1.48 8.77 8.26 8.26 









% Silt % Sand % Clay Class 
-3.7 45.1% 23.2% 31.7% Clay Loam 
-5 42.9% 34.9% 22.2% Loam 
-7.5 60.4% 26.1% 13.4% Silt Loam 
-9.7 49.1% 36.3% 14.7% Loam 
-12.5 54.5% 30.6% 14.9% Silt Loam 
-15 46.1% 36.7% 17.2% Loam 
-17.5 59.9% 23.4% 16.7% Silt Loam 
-20 57.3% 24.6% 18.1% Silt Loam 
-22.5 49.4% 29.5% 21.1% Loam 
-25 54.7% 26.3% 19.0% Silt Loam 
-27.5 42.9% 35.6% 21.5% Loam 
-29.5 17.4% 71.0% 11.6% Sandy Loam 
-35 8.1% 87.6% 4.3% Loamy Sand 
-40 4.4% 89.4% 6.2% Loamy Sand 
-45 5.6% 86.9% 7.5% Loamy Sand 
-45.4 20.6% 67.0% 12.4% Sandy Loam 
-48 26.0% 56.4% 17.6% Sandy Loam 
-49.5 19.6% 65.8% 14.7% Sandy Loam 
-50 36.9% 43.5% 19.5% Loam 
-52.5 40.6% 36.4% 23.0% Loam 
-55 35.6% 39.8% 24.6% Loam 
-57.5 42.8% 31.4% 25.8% Loam 
-59.4 52.6% 18.6% 28.8% Silty Clay Loam 
-60.7 51.1% 14.9% 34.0% Silty Clay Loam 
-63 18.9% 68.8% 12.3% Sandy Loam 
-65 40.6% 24.4% 35.0% Clay Loam 
-70 6.2% 87.3% 6.5% Loamy Sand 
-75 10.4% 80.1% 9.5% Loamy Sand 
-78 37.3% 41.1% 21.6% Loam 
-80 26.5% 51.8% 21.8% Loam 
-80.5 33.4% 42.9% 23.7% Loam 
-82.5 41.9% 30.4% 27.7% Loam 
-84 21.3% 60.2% 18.5% Sandy Loam 
-85 7.7% 82.2% 10.2% Sandy Loam 
-88.8 24.3% 54.3% 21.4% Sandy Clay Loam 









% Silt % Sand % Clay Class 
-1 52.0% 25.8% 22.2% Silt Loam 
-4.5 55.4% 18.5% 26.2% Silt Loam 
-5.4 55.1% 22.6% 22.3% Silt Loam 
-12.5 48.1% 37.4% 14.5% Loam 
-17.5 50.0% 35.4% 14.6% Loam 
-23 49.2% 42.6% 8.2% Loam 
-26 55.6% 35.3% 9.1% Silt Loam 
-32.5 62.1% 27.8% 10.1% Silt Loam 
-35 58.9% 31.9% 9.2% Silt Loam 
-37.5 62.4% 25.0% 12.6% Silt Loam 
-40 55.8% 29.5% 14.7% Silt Loam 
-42.5 60.3% 22.4% 17.3% Silt Loam 
-45 45.9% 35.6% 18.5% Loam 
-47.5 42.4% 34.0% 23.6% Loam 
-50 45.3% 26.5% 28.2% Loam 
-52.5 57.7% 21.4% 21.0% Silt Loam 
-54 65.9% 11.5% 22.6% Silt Loam 
-57.5 60.3% 15.0% 24.7% Silt Loam 
-60 51.0% 23.8% 25.2% SIlt Loam 
-62.5 57.9% 19.5% 22.6% Silt Loam 
-65 50.0% 24.8% 25.2% Loam 
-67.5 43.3% 33.0% 23.6% Loam 
-70 24.7% 30.1% 45.1% Clay 
-72 37.0% 38.1% 24.9% Clay Loam 
-73.5 35.0% 41.1% 23.9% Loam 
-75 43.6% 31.9% 24.5% Loam 
-77 49.8% 23.0% 27.3% Loam 
-79 49.3% 19.5% 31.2% Clay Loam 
-80.5 56.6% 15.0% 28.3% Silty Clay Loam 
-82.5 50.1% 21.0% 28.9% Silt Loam 
-84 54.4% 14.8% 30.8% Silty Clay Loam 
-85 47.2% 16.8% 36.0% Silty Clay Loam 
-88 44.0% 24.1% 31.8% Clay Loam 
-90 42.3% 29.0% 28.7% Clay Loam 
-92.5 34.2% 34.2% 31.6% Clay Loam 
-94 36.5% 33.0% 30.5% Clay Loam 




-97 42.4% 26.8% 30.8% Clay Loam 
-99 37.4% 31.6% 31.0% Clay Loam 
-101 40.8% 31.4% 27.8% Loam 
-102.5 46.3% 31.6% 22.2% Loam 
-104 55.4% 20.1% 24.5% Silt Loam 
-105 47.4% 22.1% 30.5% Loam 
-107.5 43.9% 24.4% 31.7% Clay Loam 
-109 19.7% 57.8% 22.6% Sandy Clay Loam 





% Silt % Sand % Clay Class 
-5 55.4% 10.4% 34.2% Silty Clay Loam 
-8 64.7% 21.2% 14.1% Silt Loam 
-10 63.0% 22.4% 14.6% Silt Loam 
-15 67.2% 18.3% 14.5% Silt Loam 
-17.5 70.2% 17.3% 12.5% Silt Loam 
-20 71.0% 15.7% 13.3% Silt Loam 
-23.6 61.6% 19.7% 18.6% Silt Loam 
-25 62.6% 17.7% 19.7% Silt Loam 
-27.1 48.7% 24.7% 26.6% Loam 
-28.6 30.5% 47.4% 22.1% Loam 
-30 20.9% 61.0% 18.2% Sandy Loam 
-32.2 20.9% 61.3% 17.8% Sandy Loam 
-32.9 10.5% 76.4% 13.1% Sandy Loam 
-33.8 17.3% 67.5% 15.2% Sandy Loam 
-35 5.7% 87.4% 6.9% Loamy Sand 
-40 4.2% 89.5% 6.3% Loamy Sand 
-43.7 23.4% 65.1% 11.5% Sandy Loam 
-45 24.8% 61.3% 13.8% Sandy Loam 
-49 15.4% 72.8% 11.8% Sandy Loam 
-50 20.3% 67.7% 12.0% Sandy Loam 
-55 7.3% 83.1% 9.6% Loamy Sand 
-59.3 10.9% 79.8% 9.3% Sandy Loam 
-60 18.2% 70.7% 11.1% Sandy Loam 
-63 19.9% 64.7% 15.4% Sandy Loam 
-63.2 33.2% 39.0% 27.8% Clay Loam 
-65 9.2% 84.1% 6.7% Loamy Sand 
-70 4.3% 93.8% 1.9% Sand 
-75 8.5% 84.3% 7.3% Loamy Sand 









% Silt % Sand % Clay Class 
-1 40.2% 40.1% 19.6% Loam 
-6.5 47.0% 36.4% 16.7% Loam 
-7.5 61.4% 9.2% 29.4% Silty Clay Loam 
-11.3 44.5% 32.8% 22.7% Loam 
-17.5 50.3% 38.1% 11.6% Silt Loam 
-19 37.3% 51.0% 11.7% Loam 
-20.5 51.5% 36.6% 11.9% Silt Loam 
-21.3 60.1% 22.1% 17.7% Silt Loam 
-27 51.5% 37.0% 11.5% Silt Loam 
-29 48.2% 40.6% 11.2% Loam 
-30 72.7% 9.3% 18.0% Silt Loam 
-31.8 60.4% 16.2% 23.4% Silt Loam 
-37.5 54.2% 25.3% 20.6% Silt Loam 
-40 50.1% 32.2% 17.7% Silt Loam 
-45 45.6% 30.2% 24.2% Loam 
-47.5 46.5% 37.3% 16.2% Loam 





% Silt % Sand % Clay Class 
-1 30.7% 54.0% 15.2% Sandy Loam 
-2 23.2% 49.1% 27.7% Sandy Clay Loam 
-3 30.0% 51.1% 18.9% Loam 
-3.8 24.3% 52.1% 23.6% Sandy Clay Loam 
-12 23.8% 64.5% 11.7% Sandy Loam 
-16.5 27.9% 50.0% 22.2% Loam 
-17 35.8% 51.7% 12.5% Loam 
-22.5 37.7% 50.5% 11.8% Loam 
-25 35.9% 53.3% 10.8% Sandy Loam 
-27.3 34.0% 54.3% 11.7% Sandy Loam 
-31.9 44.3% 42.7% 13.0% Loam 
-47.5 32.6% 54.3% 13.0% Sandy Loam 
-50 36.4% 52.0% 11.6% Sandy Loam 
-37.5 39.9% 46.9% 13.2% Loam 
-40 34.6% 54.0% 11.4% Sandy Loam 




-52.5 31.7% 54.8% 13.5% Sandy Loam 
-55 32.6% 52.9% 14.5% Loam 
-56.8 23.3% 64.9% 11.8% Sandy Loam 
-61 21.3% 68.1% 10.7% Sandy Loam 
-62.1 9.9% 82.5% 7.6% Loamy Sand 
-66.3 23.0% 65.9% 11.1% Sandy Loam 
-67.3 28.4% 60.2% 11.4% Sandy Loam 
-73 32.6% 58.7% 8.7% Sandy Loam 
-77 39.7% 50.0% 10.3% Loam 





% Silt % Sand % Clay Class 
-3.7 55.4% 22.9% 21.7% Silt Loam 
-5 45.1% 25.2% 29.8% Clay Loam 
-8.8 60.2% 25.6% 14.2% Silt Loam 
-10 63.3% 19.8% 16.9% Silt Loam 
-12.5 69.5% 19.9% 10.6% Silt Loam 
-15 64.3% 22.8% 13.0% Silt Loam 
-18 44.3% 45.5% 10.2% Loam 
-20 54.2% 34.5% 11.3% Silt Loam 
-21.5 65.7% 20.9% 13.3% Silt Loam 
-23.5 42.3% 29.1% 28.7% Clay Loam 
-25 35.4% 39.0% 25.7% Clay Loam 
-28 25.6% 51.4% 23.0% Sandy Clay Loam 
-30 10.3% 78.5% 11.2% Sandy Loam 
-35 7.2% 83.0% 9.8% Loamy Sand 
-39.2 8.0% 82.3% 9.7% Loamy Sand 
-40 19.6% 63.9% 16.5% Sandy Loam 
-43.7 16.8% 70.7% 12.6% Sandy Loam 
-45 40.2% 39.9% 19.9% Loam 
-48.7 39.3% 34.4% 26.4% Loam 
-50 32.1% 46.2% 21.6% Loam 
-53.6 15.2% 72.1% 12.7% Sandy Loam 
-55 32.9% 46.6% 20.6% Loam 
-57.7 32.7% 50.6% 16.7% Loam 
-59 35.4% 46.4% 18.3% Loam 
-60 21.3% 63.1% 15.6% Sandy Loam 
-62.5 8.8% 80.6% 10.6% Sandy Loam 
-64 10.5% 79.7% 9.9% Sandy Loam 




-66.2 17.2% 67.0% 15.8% Sandy Loam 
-67.5 12.6% 73.2% 14.3% Sandy Loam 
-69.5 33.0% 47.2% 19.7% Loam 
-70.5 13.5% 76.7% 9.8% Sandy Loam 
-72.5 8.6% 84.8% 6.6% Loamy Sand 
-80 4.9% 90.5% 4.6% Sand 





% Silt % Sand % Clay Class 
-1.5 45.7% 22.4% 31.9% Clay Loam 
-3 44.3% 16.2% 39.5% Silty Clay 
-4 43.6% 30.2% 26.2% Loam 
-5 49.6% 32.3% 18.1% Loam 
-7 45.7% 41.2% 13.1% Loam 
-10 52.6% 33.3% 14.1% Silt Loam 
-15 50.7% 34.4% 14.9% Silt Loam 
-17.5 58.9% 27.2% 13.9% Silt Loam 
-20 47.5% 36.3% 16.2% Loam 
-22.5 59.1% 19.6% 21.3% Silt Loam 
-23.8 51.7% 29.9% 18.4% Silt Loam 
-26.3 28.6% 42.3% 29.1% Clay Loam 
-27.5 23.9% 53.8% 22.3% Sandy Clay Loam 
-30 17.3% 66.2% 16.5% Sandy Loam 
-32.5 15.4% 69.0% 15.6% Sandy Loam 
-35 29.5% 55.8% 14.7% Sandy Loam 
-35 9.7% 79.7% 10.6% Sandy Loam 
-40 34.9% 40.1% 25.0% Loam 
-42.5 38.3% 41.5% 20.2% Loam 
-44.3 18.8% 70.1% 11.1% Sandy Loam 
-45 28.1% 57.6% 14.3% Sandy Loam 
-50 15.5% 72.7% 11.8% Sandy Loam 
-55 16.7% 78.9% 4.3% Loamy Sand 
-60 13.0% 80.6% 6.4% Loamy Sand 
-64 15.2% 69.0% 15.8% Sandy Loam 
-65 19.5% 63.8% 16.7% Sandy Loam 
-66.7 24.2% 50.0% 25.8% Sandy Clay Loam 
-67.5 36.5% 51.7% 11.8% Loam 
-69 30.8% 52.8% 16.4% Loam 
-70 20.0% 67.5% 12.6% Sandy Loam 









% Silt % Sand % Clay Class 
-0.9 53.7% 25.5% 20.8% Silt Loam 
-1.8 59.5% 18.1% 22.4% Silt Loam 
-7.5 52.0% 25.2% 22.8% Silt Loam 
-10 56.3% 26.3% 17.3% Silt Loam 
-13.9 59.9% 16.9% 23.2% Silt Loam 
-15 68.1% 13.1% 18.8% Silt Loam 
-18.7 66.3% 18.2% 15.5% Silt Loam 
-20 66.5% 15.9% 17.5% Silt Loam 
-25 57.2% 26.1% 16.7% Silt Loam 
-28 37.8% 38.5% 23.7% Loam 
-30 24.2% 50.5% 25.2% Sandy Clay Loam 
-32.6 29.9% 49.7% 20.4% Loam 
-35 24.0% 57.8% 18.2% Sandy Loam 
-37.5 24.3% 60.0% 15.7% Sandy Loam 
-38.5 20.1% 68.0% 11.9% Sandy Loam 
-40 39.8% 35.9% 24.3% Loam 
-42.5 34.2% 46.9% 18.9% Loam 
-45 38.7% 42.6% 18.7% Loam 
-48 20.4% 64.4% 15.2% Sandy Loam 
-50 6.3% 87.8% 5.9% Loamy Sand 
-55 6.8% 86.3% 6.9% Loamy Sand 
-60 4.6% 90.1% 5.4% Sand 
-65 16.5% 72.7% 10.9% Sandy Loam 
-65.9 18.7% 73.5% 7.8% Sandy Loam 
-67.5 48.2% 34.8% 17.0% Loam 
-68.7 32.3% 50.1% 17.6% Loam 


















C:N C:N HWEOC:TOC 
Phase Liquid Liquid Solid Solid Solid Liquid 
 
-5 1,396 152.3 8,330 -18.0 2.45 0.11 0.02 
-10 337 56.0 1,470 -30.8 10.55 0.17 0.04 
-15 395 59.8 1,200 -31.6 21.52 0.15 0.05 
-17.5 242 61.9 1,260 -31.7 26.36 0.26 0.05 
-20 297 55.6 1,000 -32.0 30.45 0.19 0.06 
-23.6 215 90.9 1,150 -32.4 14.88 0.42 0.08 
-25 208 95.3 1,300 -31.8 17.56 0.46 0.07 
-27.1 588 179.0 3,470 -27.9 14.06 0.30 0.05 
-28.6 526 159.4 3,910 -25.1 12.69 0.30 0.04 
-30 265 106.6 3,210 -29.9 25.85 0.40 0.03 
-32.2 187 99.8 1,680 -27.7 22.85 0.53 0.06 
-32.9 157 69.4 730 -28.6 29.00 0.44 0.10 
-33.8 239 85.1 1,450 -27.0 12.12 0.36 0.06 
-35 68 46.6 390 -28.8 29.66 0.69 0.12 
-40 52 42.6 340 -25.7 29.80 0.81 0.13 
-43.7 124 41.6 670 -31.0 32.80 0.34 0.06 
-45 135 46.5 490 -28.3 22.81 0.34 0.09 
-49 60 42.7 360 -28.9 23.62 0.72 0.12 
-50 94 51.8 370 -24.1 23.13 0.55 0.14 
-55 78 43.9 2,530 -27.1 31.06 0.56 0.02 
-59.3 74 39.1 300 -34.6 51.18 0.53 0.13 
-60 122 51.5 510 -30.4 27.32 0.42 0.10 
-63 136 52.7 650 -30.9 19.23 0.39 0.08 
-63.2 690 102.3 5,270 -22.2 4.88 0.15 0.02 
-65 70 42.5 390 -31.7 31.96 0.60 0.11 
-70 41 31.2 220 -32.6 43.71 0.76 0.14 
-75 62 36.5 380 -32.1 22.16 0.59 0.10 
-80 87 35.6 340 -31.7 26.25 0.41 0.10 
min 41 31.2 220 -34.6 2.45 0.11 0.02 
max 1,396 179.0 8,330 -18.0 51.18 0.81 0.14 













C:N C:N HWEOC:TOC 
Phase Solid Liquid Solid Solid Solid Liquid 
 
-1 5.56 254.8 17,500 -17.2 2.32 0.33 0.01 
-2 1.45 159.4 11,000 -10.8 2.77 0.26 0.01 
-10 0.47 43.9 1,040 -21.9 11.44 0.26 0.04 
-12.5 0.67 43.0 1,010 -26.5 27.34 0.37 0.04 
-17 2.02 40.1 1,100 -24.0 11.58 2.17 0.04 
-19 1.96 42.2 1,000 -23.1 11.48 1.15 0.04 
-20 1.33 43.9 950 -23.1 16.68 1.89 0.05 
-22.5 1.39 43.7 1,290 -30.6 21.23 0.25 0.03 
-25 0.93 42.7 850 -25.1 25.54 0.24 0.05 
-26 1.95 45.0 980 -23.4 11.42 0.26 0.05 
-28 2.25 44.3 990 -24.6 9.53 0.28 0.04 
-30 1.88 43.4 790 -29.9 15.02 0.45 0.05 
-32.5 2.81 38.2 890 -32.0 8.08 0.17 0.04 
-34 2.67 42.2 800 -26.7 5.13 0.19 0.05 
-35.2 0.44 54.3 1,650 -29.3 10.92 0.17 0.03 
-36.5 0.26 204.6 25,600 -27.4 3.14 0.16 0.01 
-39 0.57 325.8 48,200 -29.0 3.72 0.11 0.01 
-41 3.74 74.6 3,990 -20.7 4.17 0.17 0.02 
-43.8 4.96 54.1 2,800 -20.3 3.54 0.16 0.02 
-45 4.25 40.0 1,340 -21.8 4.84 0.22 0.03 
-47.5 5.59 35.4 1,190 -23.2 4.12 0.20 0.03 
-49.5 3.92 36.7 740 -23.8 5.99 0.37 0.05 
-50.5 2.39 31.8 670 -24.4 5.95 0.48 0.05 
-52.5 2.95 31.6 620 -26.0 8.63 0.35 0.05 
-56 3.53 31.8 970 -22.9 6.43 0.16 0.03 
-57.5 3.85 43.9 1,950 -18.2 4.26 0.19 0.02 
-60 3.13 38.7 1,450 -19.3 5.35 0.18 0.03 
-62.5 1.53 26.8 550 -28.1 14.68 0.41 0.05 
-67.5 5.85 29.2 1,240 -21.2 3.37 0.18 0.02 
-69 6.03 28.1 950 -22.0 3.28 0.16 0.03 
-70 4.59 30.7 1,170 -21.5 4.43 0.18 0.03 
-72.5 5.50 34.7 1,370 -23.3 4.11 0.23 0.03 
-74 5.08 49.8 900 -30.4 5.89 0.27 0.06 




-77.5 1.99 27.9 300 -27.8 13.65 1.36 0.09 
-82.5 3.01 26.6 550 -28.0 9.14 1.17 0.05 
-87.5 3.14 27.7 370 -28.9 9.05 0.94 0.07 
-91 2.84 26.7 230 -25.7 8.03 1.67 0.12 
-92.5 2.27 21.7 220 -26.6 11.46 1.19 0.10 
-96.5 7.08 28.3 540 -29.7 4.01 0.37 0.05 
-97.5 4.10 28.5 980 -31.4 6.95 0.18 0.03 
-102 1.17 27.1 320 -27.2 22.37 2.25 0.08 
-106 0.77 31.9 250 -26.6 19.32 2.56 0.13 
-107.5 0.91 23.2 280 -26.4 27.46 5.05 0.08 
-112.5 0.89 28.5 230 -27.7 29.39 1.28 0.12 
-117.5 0.61 28.6 220 -23.2 35.37 5.03 0.13 
-122.5 0.58 27.3 270 -29.3 46.69 14.74 0.10 
min 0.26 21.7 220 -32.0 2.32 0.11 0.01 
max 7.08 325.8 48,200 -10.8 46.69 14.74 0.13 
average 2.76 53.4 3,038 -25.1 11.37 1.08 0.05 
 
 
